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G R ilJUGll'iOlf 

Senior Lecturer in Structural EnqineerinCJ 
eurtin Uoivf"rsity of ~lOCJY 

This document is a reference for a Seminar Workshop on Assessment of 
Typhoon Damaqe. orqanised by the UNDP/UNIOO Reqional Network in Asia for 
Low Cost Buildinq Materials, Technoloqies and Construction Systems. 

I presents analysis methods for the determination of wind speeds from 
structural damaqe and the determination of wind loads from wind speed 
data. It also presents practical quidelines on the implementation of 
damaqe assessment proqra111111es and on the production of reports that will 
provide valuable information for upqradinq the structural performance of 
buildinqs in order to resist future typhoons • 
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1. IllftUMJC"fiOR 

Tropical cyclones, typhoons and hurricanes are large scale 
meteorological phenomena that affect many tropical countries. The 
strong winds, torrential rain and storm surge effects that accompany the 
passage of a typhoon have the potential to cause significant damage to 
mankind's housing, activities and livelihood. In many cases people's 
lives may come under threat due to the structurally inadequate nature of 
the shelter provided. 

In many parts of the world, the rainfall provided by typhoons is vital 
to the agriculture of neiqhbourinq regions. Thus, if the life and 
livelihood threatening potential of typhoons can be significantly 
reduced, the passage of a typoon could be regarded as a benefit rather 
than a costly chance of nature. The siting of shelter above storm surge 
and flood zones will minimise the threat posed by both torrential rain 
and storm surge effects, and the adequate structural design of shelter 
will ensure that it is capable of wi~'lstanding the effects of the strong 
winds. 

A dilema facing many tropical countries is that the structural action of 
even simple houses under typhoon loads is extremely complex. Normal 
structural engineering assumptions include neglecting the structural 
strength of cladding i~ consideration of the stability of the building, 
and the provision of a structural skeleton which carries loads ly 
bending and axial forces. The ·1se of those assumptions in the design of 
housing can greatly increase tt•! cost of shelter, so alternative design 
methods must be employed. 

In the past, d~sign by experience was ar excellent guide. If a system . 
managed to withstand a number of severe events, then it was judged a 
good one, whereas those that were significantly effected were discarded. 
The process proved successful, but in regions where significant events 
can occur at fifty year intervals, the e~olution of g~od designs may 
take many generations. With the diversity of building materials 
available today and the speed with which new building products are 
developed, the natural evolution of good designs must be accelerated. 

Three techniques are at the disposal of people charged with the 
production of safe housing to ensure that house designs will be 
structurally sound. 

Ii> 

(ii) 

(iii) 

Detailed structural dasign of complete houses for typhoon 
wind loads. 

Exhau:Jtive structural testing of t•1ilding components or even 
complete buildings. 

Scientific evaluation of the damage caused to housing by 
typhoons and rapid implementation of the lessons learned 
into future huuse designs. 

The first alternative requires a large re•ource of skill~d technicians 
that can check the structural design of housing and ensure adequate 
pt!rformance, 1 at at a reasonable cost. In many typhooh-prone countries, 
the building .1.ndustry does not have the financial capability to carry 
t:lat resourc~. 

• 

• 

• 
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The second alternative also requires a substantial structural 
enqineering resource. Test data is necessary for the adequate design of 
housing. but as the Australian experience in Darwin proved. great care 
needs to be taken in the correct simulation of the nature of typhoon 
loads. Cyclone 'Tracy' in December. 1974 caused damage to a number of 

• build~ng systems that had been tested with statically applied loads. 

• 

Many of the failures were associated with fatigue damage and occurrej at 
loads significantly less than the static tes~ load. The requirement to 
perform tests for typhoon resistance under cyclic loading leads to an 
increase in the cost of the tests and time taken for them. 

The third alternative complements the other two in ~hat it provides 
valuable feedback on the performance of building systems. but it also 
has potential to be used as the principal tool in the formulation of 
typhoon-resistant housing. In effect. every typhoon load tes~s many 
thousands of houses, and under undisputable field conditions. If the 
data on the perfo1mance of the houses tested can be assembled and 
evaluated. it has the potential to save much laboratory testing, and 
analysis work in the design of housing. 

This monograph addresses the philosophy and techniques necessa::y for the 
effective assessment of damage after the passage of typhoons, c:nd the 
subsequent steps for incorpora~ion of good construction practice in 
future house designs. 

The principal aim of any damage assessment programme is the systematic 
documentation of the perf~ inance of housin~. 

Unless the progra~e is commissioned by an individual or group with 
highly specific interests, the report should be designed to contain the 
following items which will make it useful to a wide readership. 

-

documentation of meteorological data on the typhoon 
including central pressure at the time it crossed the 
coast, estimates of maximum wind speeds at locations 
where damage is reported and estimates cf the duration of 
the destructive winds. 

docu~ntation of structural failures in buil~' ··.gs which 
should include estimate~ of loads in damaged components 
and identification of critical eler.1ents ir. those 
buildings. 

documentation of structural systems which have performed 
satisfactorily under the typhoon winds • 

recommendations on the implementation of changes to 
building designs or construction system. 

recommendations of work for further research 3ctivities. 

The importance of including all those items cannot b~ over emphasised. 
Each of those items enables comparison of building performance between 
countries and regions. The recommendations therefore have a m•1ch widtrr 
appl1cab1l1ty than just the affected loca!ity 
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A number uf subsidiary aims relate to the philosophy adopted for the 
assessment at the planning stage. 

Until a comprehensive data base of information on the performance of 
many different construct1on systems has been established, the assessment 
programme should aim at evaluating as many different types of 
construction systems as possible. The effort required to achieve this 
aim will necessarily mean that less detail will be available for any one 
construction system. 

' 

After the establishment of a comprehensive data base, later assessment 
progranmes can aim to extract very detailed information o~ just those 
systems that appear to be less able t: _esist typhoon winds. 

In the planning of an assessment ~ctiv1ty, the organisers should aim to 
involve local builders and/or building inspectors. This will enable 
particular problems to be identified as either common local practice, 
coanon practice throughout the region, isolated cases of poor 
workmanship or isolated cases of poor design practice. 

1.2 PlanniDCJ Activities For Damage Asseswnt 

Most regions have contingency plans for aid to victims of natural 
disasters. These are generally made well in advance and can be 
implemented very quickly following the passage of a typhoon. As it is 
important that damaged buildings be assessed prior to clean-up and 
re-construction activities, it is also necessary for assess~ent 
activities to be planned well in advance. 

For each region a series of contacts should be established as shown in 
Figu:-e 1. 

Experts~ 
other counties 

Reqion or Country 
Experts 

Area Supervisor 

_.,_------ Area Supervisor 

Area Supervisor 

p;,qure 1: contacts For Plannin9 AssessMnt 

• 



• 

• 

(a) 

(b) 

(cl 

1.2.1 

. s . 

Area supervisors may be located in major provincial towns 
and could be qovernment buildinq supervisors or officers of 
Local Government orqanisations with a knowledqe of buildinq 
systems. Alternatively. police officers or other emerqency 
services officials may be used. 

They should be briefed as to the benefits that could flow to 
their area in the long term as a result of proper typhoon 
damaqe assessment. They should also be qiven contact 
details for the reqion or country assessment experts that 
will enable them to make early ccntact after the passaqe of 
a typhoon. 

Region or country experts will generally be centrally 
located in major cities and llldY include engineers or 
architects from universities. building research 
establishments. or Government departments responsible for 
the implement3tion of safe building systems. There may be 
two or three senior persons and a number of competent 
s~pportinq technical people that would all be reqarded as 
region or country experts. One of these persons should be 
chosen in advance to lead the qroup and be entrusted with 
the final responsibility of decidinq whether an 
investiqation will be performed, and if so, at which level. 

Experts in other countries may be able to offer skills in 
specific types of buildinq systems or types of typhoon 
damage. They may be called upon by the leader of the 
reqional or country experts to assist in the assessment. 

Contil!CJ!DCY Plans 

These are plans that can be drawn up well in advance of the typhoon 
season and will establish the following responsibilities. 

(i) 

(ii) 

(iii) 

(iv) 

Who will contact whom a.fter the damage of an event is 
apparent. 

Who will decide on the scale of the investiqation - a number 
of alternatives are available and outlined in Section 1.2.2. 

Who will make arrangements for practical details such as 

supply of film and cameras 
orqanisation of accommodation 
orqanisation of trasnport 
supply of food and water 
supply a~d arranqement of transport 

F .... nance for ,investiqat ion 

It always pays dividends, to have negotiated allocation of funds for 
assessment based on the potent1al of the programme in general. If it is 
left until after a typhopn has caused damage, the days or weeks 1t takes 
to organ1se flnance and 

1

just1fy requests can severely erode the 
effectiveness of the pro,gramme. 

I 

Copies of the cont1ngency plan together with a list of area supervisors 
and their telephone num~rs should be distributed to each country or 
region'11 expert at the c,ommencement of each typhoon season. 
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1.2.2 Scale Of Investiption lbmted 

This is a direct consequence of the scale of damaqe caused oy any 
particular event. 

(i) 

(ii) 

(iii) 

Small Scale Operation: 

Where a typhoon has caused damaqe centred on only one town 
or area, and the extent of the damaqe is not very severe, 
then it may be possible to mount a small scale operation. 

Typically two or three technical experts may visit the area 
for two or three days, and work alonqside the area 
supervisor. Under such circumstances, there is not usually 
a drastic shortaqe of food and accommodation and general 
local available facilities can still operate. This makes 
the orqanisation of small scale operations simple and travel 
requirements can be liqht. 

Concentrated Medium Scale Operations: 

Where a typhoon has caused damaqe centred on only one town 
or region, but the extent of the damaqe is moderately 
severe, the scale of the assessment operation mounted must 
be increased. 

Because th~ ~amage is concentrated in one area, tran~port 
and loqistics do not become a major problem. but because 
there is much more work to be done than in ~ae small scale 
operation, qenerally a lonqer stay is required. Three or 
four experts may be required for one to two weeks in some 
ca~es. As the damaqe is severe, local support ·facilities 
are generally not available, and ~o frequently the 
investigation team must supply its owr. accoaanodation, food 
and support personnel. 

Widespread Medium Scale Operations: 

Where a typhoon has caused damage over a wide area, but the 
scale of the damage is not very severe then a widespre?d 
mediuL. scale operation must be mounted. 

Where the damage is not very severe, the clean-up operations 
will generally be achieved quite quickly. There is little 
alternative but to utilize a large assessment team, widely 
spread for a few days. Typically up to ten experts 
operating as five tea111s may operate in the field for two or 
three days, then spend one day collating information 
together in the field. It may be necessary to follow-up 
with more detailed work in one or two locations. This type 
of operation often presents problems with transport, 
particularly if the damaged region is distributed over a 
number of islands. However, because of the nature of the 
damage, local facilit1es can generally be relied upon for 
food and accommodation. 

• 



• 

• 
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(iv) 

1.2.3 
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Large Scale Operations: 

Where a typhoon has caused severe damage to a large 
coamunity such as a city or over a wide area. a large scale 
operation must be mounted. These require a very substantial 
orga~isat~onal input . 

The Australian experience of cyclone 'Tracy' in Darwi~. 1984 
caused very severe damage to a city which was a political, 
commercial and administrative centre. The clean-up 
operations took over one year. and recm.struction. more than 
three years. The damage assessment programme involved more 
than fifty experts cuid was spread out over one year. Some 
experts were on site for as little as one day. other for as 
long as one month. ~requently laboratory experiments were 
used to confirm the ~indings of the field investigation. 
The final report ran to three volumes. 

Organisation of large scale operations must mobilise a large 
number of experts, frequently more than ten, and co-ordinate 
their operations. Often transport arrangements ar~ 
difficult to implement due to the poor condition of roads 
and bridges after severe typhoons. In many cases. 
accommodation cannot be provided locally so must be carried 
with the assessment team. 

Role Of "ftle UIUDO/UIEP Regional Ret1111Drk 

While it is recognised that initially th~ contingency plans for each 
country will be very different due ~o the different nature of the 
transportation difficulties encountered, the netwo-k offers a vehicla 
for sharing assessment experiences and the generation of con.tingencr 
plans with wide ranging applicability. 

Through encouraging a dialogue between the assessment prograaaae leaders 
in each country, the Network will foster a regional responsibility to 
the assessment of damage. In this way, reports will be produced that 
will benefit all the member countries. 

'ftle Regional Secretariate car. effectively disseminatE the Jata produced 
by assessments within one member country to all the other member 
countries, and encourage the rapid and widespread implementation of 
changes to building systems when recommended by an assessment progranune. 

1.3 Practical Mpect• Of Damaqe Assessment 

As alluded to in the previous section, the damage that has disrupted a 
whole community and has caused implementation of an assessment programme 
also hinders the assessment in a number of prac:ical ways • 

1.3.l weather 

With the possible exception ot typhoons that occur very late in the 
season, the weather following the passage of a typhoon can be 
characterised by high hum1d1ty and widespread rain. This has a number 
ot implications for damage assessment work. 
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Special arrangements must be made to store completed notes, tapes or 
films in such a manner that they are protected from e~cessive heat and 
humidity. Aluminium boxes c~ntaining sachets of silica gel are ideal 
for this purpose. 

Temporary accoaanodation should incorporate a drying area for drying out 
clothes and equipment that get wet in the course of the as~essment 
proqraane. 

Ncce-taking fac~!ities should be consistent with work in the rain. A 
small tape recorder that can be kept in a pocket is ideal for this, as 
it can be protected in a plastic bag and used even in quite heavy rain. 

The weather also has implication for transport and accoaanodation. 

1.3.2 CCJ eni cation and Transportation 

Coanunication and transport facilities are often disrupted as much as 
buildings during the course of tropical cyclones. Strong winds can 
damage radio and microwave coaaunication links and torrential rain can 
cause flooding which can crt roads, damage bridges and cause erosion or 
softening of unsealed air~·eld runways. 

This will make coanunications difficult in the early stages after the 
occurrence of the typhoon. Where possible use may be made of some 
emergency coaaunication networks such as those operated by the police or 
military. Probless in coanunicating with responsible people in the 
damaged areas can lead to ~ildly inaccurate press reports of damage soon 
after the occurrence of a typhoon. Little weight should be attached to 
early reports provided by inexperienced observers. 

Difficulties can also be experienced in moving 
within regions recently affected by typhoons. 
used to good effect, but frequently due to low 
restricted in their operation. 

to damaged areas and 
Light aircraft can be 
cloud cover are very 

Vehicular transport may often be difficult due to the presence of water 
on roads and flood damage. Access to reliable vehicles m.ty be difficult 
unless the area supervisor can ~o-ordinate assessment activities with 
relief supplies. 

Problems with transportation are generally not severe for small scale 
assessments but can become very limiting with large scale and widespread 
medium scale operations. 

1.3.1 Supplies and AecOBP"dation 

Where severe damage has occurred, widespread accommodation shortages 
result. Compromises have to be made in the st~ndard of accommodation 
accepted. 

Again, good relationships with emergency services 
regard. Where the size of the afsessment team is 
possible to be included in relief a~commodation. 
camping in schools or other public bu1ld1ngs. 

can assist in this 
not large, it may be 
Th1s may include 

• 
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Where the assessment operation is larqe, it may be possible to join with 
a temporary military camp. (These are usually established close to 
damaqed areas to assist with clean-up operations). Where this is not 
possible an independent camp must be established. This should inclade 
sleepinq areas, workinq and cookinq facilities, a dryinq area, and if 
possible a well lit area for processinq of collected data at niqht 
times. 

Much time in the assessment can be saved, if systematic documentation 
procedures c-an be implemented each day. This will enable decisions to 
be made with respect to the qoals for the next day and the effective 
assiqnment of manpower resources. 

Where an independent cacp has been established, extensive use of 
batteries to power torches, tape recorders, cameras etc will be made. 
A qood supply of fresh batteries must be maintained. Additionally, 
these circumstances, 111"1ch of the food must be brought in with the 
assessment team. At · .c1.st two people will be required to keep the camp 
operational and supplied. 

1.3.4 Security 

The assessment operation represents a substantial investment of time on 
the part of the assessment technicians and money for transport and 
accommodation. '11le investment produces data on the performance of 
buildinqs. The exposed films and filled cassettes ~hich constitute the 
raw data of the assessment, therefore are very valuable and should be 
stored in safe places. 

At the end of each day, notes should be taken on the work done by each 
technician. These notes should include details on the type of houses 
inspected and the cause of the first failure. They will enable planninq 
of future work so that the aims of the assessment progranne can be 
fulfilled. These notes also have value in that they will be a major 
resource in the production of the final report. They should be treated 
with the same care as the exposed films and filled cassette tapes. 

1.4 Social Aspects of Dulaqe Assessment 

People who have just experienced the trauma of a typhoon are under a 
qreat deal of stress. They may have lost loved ones, friends or 
relatives and almost certainly would have lost belongings, crops or 
livelihood and be under financial pressure. This stress and pressure 
which pervades the whole community must be taken into account when 
planning and operating an assessment progra111me. 

Another very unfortunate effect of typhoons on communities is that often 
locking of damaged houses and stores may occur. This also has serious 
implications for the assessment progra1M1e, in that all trespassers are 
regarded with suspicion. 
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1.4.1 ~ect:ion of Property 

Because of the occurrence of looting on daaaged properties. individuals 
may be extreaely protective of their property. In soae cases this will 
extend to the use of savage dogs or the use of weapons to safeguard 
t~eir belongings. Elabarrassment and pos~ible injury to the damage 
assessment team can be avoided by following a simple rule. 

ALla'IS BnEll PUVA'IE IW>fBRrr MXXm'AllIBD BY All ~ ml 
OCCUPIER ml A POL'ICE QPPICBll 

This will ensure that the motive for the inspection is above suspicion 
and that there can be no accusations of improper behaviour later. The 
owner/occupier can often provide valuable information about the 
construction of the building. the history of the daaa9e. and plans for 
restoration their presence is an asset to the investigation. 

1.4.2 Sensitirity to !!Ople's social lleeds 

If the owner/occupier is available to escort the investigators through 
his damaged building. as indicated above. he/she will be able to provid~ 
much valuable information to the study. They will also want to talk 
about many things that are of no direct interest to the s~udy such as 
damage to furnishings. injur.ies to people and loss of livestock or pets. 

While such discussions undoubtedly slow the progress of the study. 
social workers indicate that a good listening ear is one of the things 
that people under stress in those situations need most. It pays 
dividends to take a small amount of time to listen to their story and to 
"meet the family" if such an opportunity is provided. 

In establishing contact with the owner/occupier. it is necessary to give 
a brief and simple explanation on the 'purpose of the study and the 
importance of their bu;.ding to that work'. For example •• 

"Good afternoon - do you live here?" 
"It seems to be rather badly damaged - I am sorry to see 
that". 

"I am part of a team of people who are examining the damage 
to houses in this area. Our work will help to make houses 
stronger for future typhoons. The damage to your house 
looks particularly interestinq. May we have a closer look 
at it?" 

"Thank you - my name is ••.••• etc". 

Such a dialogue establishes a basis for further conver~ation and 
concisely indicates the purpose of the visit. Some experience will be 
necessary to establish the fine balance between being interested in the 
people, and becominq involved in very complex social problems. 

It is a good idea to take notes of any requests that are made for 
supplies, equipment or medical care and pass them on to emergency 
service~ at the end of each day. 
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1.4.3 

Often the emerqency service operations will be co-ordinated by a senior 
police or military officer. These people aust carry a reasonable 
responsibility for the activities within the disaster area. 

IT IS WRY IRlUl'l'Allr '1'llU' '!llE l&VESTIGU'IE 'IBM RB1QlT' TO 
'!11E DIE RIGBll: I SBllVICBS CD-OllDIM'l'ml AS SOO. AS IT DIERS BIS 
AREA. 

This serves the followinq important functions. 

(i) 

(ii) 

(iii) 

It identifies the investiqatinq team and the aims of the 
assessment proqramne. This will ensure that the emerqency 
services will not mistake the team for •1ooters•. It is 
important that the co-ordinator of eaerqency services 
understands the aims and benefits of the assessment 
proqramme. 

It establishes a dialOCJl!e between the emerqency services and 
the investiqatinq team. This is of mutual benefit. The 
co-ordinator of emerqency services qenerally has an accuiate 
knowledqe of the damaqe pattern within the area. (He has 
often covered the COlllJlete area himself in a helicopter.) 
This information will assist in the correct placement of the 
assesS&ent team. In conductinq the assessment. it is 
possible that people in the coaaunity will make known needs 
that can in turn be passed back to the emerqency services. 

later the relationship established and the proqress of the 
assessment may be used to qain access tp emerqency service 
transport to move the team into more remote areas. 

It is a wise diplomatic move to forward a copy of the completed report 
to the co-ordinator of emerqenc; servicea with whom you have worked in 
the disaster area. He can then appreciate the value of the assessment 
and can see how his own involvement assisted. 

1.5 

Havinq overcome the practical aspects of the pianninq ana loqistics 
associated with the execution of a damaqe assessment proqraaane. and the 
social problems associated with workinq in a disaster area. it then 
remains to perform a systematic assesssment to achieve the initial 
qoals. 

The rest of this monoqraph outlines the skills and techniques necessary 
to achieve the stated aim of the assessment. ifhile the presentation 1s 
in a loqical order. it is not a requi=ement that the assessment be 
executed in the same loqical order. 

Often 1t is more convenient to start at a point and work throuqh an area 
assess1n9 larqe buildings and small buildinqs in the order in which they 
are encountered. In the same way. as simple structures which may 91ve 
an indication of the wind speed are encountered th~y should also be 
assessed. 
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Towards the ca11pletion of the assessaent period, more emphasis can be 
given to aspects that have not been successfully covered. 

For exaaple, if after two or three days a ~er) representative saaple of 
housing has been inspected, but few large buildings and estimates of 
wind speed are still uncertain, technicians may bypass housing i~ search 
of large buildings or simple structures to analyse for wind speed. 
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2. IS"SS•M OP Wiim lalDS 

In Chapte~ 1 it was noted that a typhoon effectively load tests a larqe 
number of structures. In performing tests under laboratory conditions 
it would be unthinkable not to determine the ultimate load on the test 
piece. 

Unfortunately, there arc very rarely calibrated load cells of providinq 
rinqs installed in the buildinqs that are inspected durinq the damaqe 
assessment, yet it is vital to evaluate the load at which failure would 
have occurred in order to make the data relevant to buildinqs in other 
locations. Loads therefore have to be inferred from the physical 
settinq of the buildinq and the estimated wind speed and direction at 
that position. 

The followjnq steps are involved in the assessment of wind loads on each 
buildinq inspected. 

(i) 

(ii) 

(iii) 

(iv) 

Estimation of the reqional wind speed which is a property of 
the typhoon itself, and the location of the buildinq with 
respect to the eye of the typhoon. 

tt:>dification of the reqional windspeed to produce a peak 
qust velocity for the location based on the rouqhness of the 
land upwind of the buildinq site. 

Mocl!.fication of the peak qust velocity to account for the 
effect of topoqraphy iimediately upwind of the buildinq 
location. 

Conver;ion of peak qust velocity to a load usinq appropriate 
pressure coefficients for the structure and wind direction 
corresponding to the winds which appear to have caused the 
damaqe. 

'ftlese calculations do not have to be performed on site at the time of 
inspection, but notes should be taken in sufficient detail to enable 
calculation to proceed at the time the report is produ=ed. The notes 
should include the followinq details. 

(1) 

(2) 

( 3) 

(4) 

Direction frOlll which the wind was blowing at the time of 
first failure. 

Shape of the profile of :he building normal to the wind 
direction in Cl). The eaves height and position of open 
windows and doors are of particular interests. 

Topography i111111ediately upwind of the structure in the 
direction given in <l> above. If possible, numerical 
estimates should be given e.g. approximately halfway up a 
rise of height !Om, slope 1 in 4. 

TerrLin description for the area iaunediately upwind of the 
structure. In rural settings the presence of hedges, wind 
breaks of other buildings is of particular importance e.q. 
fifty metres from rice fields that are very open. Space 
between rice field and build1n9, covered in sparse low elm 
hiqh) bushes. One small shed approximately !Sm away. 

The processin9 of this information is performed usinq the methods 
indicated 1n Sections 2.3 and 2.4. 
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2.1 

The larqe size of typhoons is an advantaqe to the assessment of reqional 
wind speeds. In terrain with uniform properties, the wind speeds at 
different locations can be related to their positions relative to the 
eye of the typh<>'>n. Measurements or estimates of wind speed from a 
number of different locations ~an be correlated usinq well established 
relationships. 

2.1.1 Correlation Of Vind Speed Between Locations 

The wind speed at a particular location and time durin~ a typhoon can be 
expressed as a function of the central pressure. radius of maximum 
winds, the forward speed of the typhoon. location relative to the 
position of the eye. the terrain surface, the heiqht above the surface, 
latitude, topoqraphy and other meteroloqical factors. The wind speed 
has contribution from the rotation of the typhoon about its eye and from 
the forward movement of the whole meteoroloqical system. Empirical 
relationships have been established by a nUillber of different authors to 
relate these two velocities, the most recent have been presented by 
Atkinson and Holliday (1975J, Gomer and Vickery (1976), Trygqvason 
(1979) and Georgiou, Davenport and Vickery (1983). The equations 
presented below for the ten minute mean wind speeds over the sea at a 
height of ten metres are typical. 

vl = c ~ - 1010
1

(!)k 
~· r 
~ 

v2 = V1 + O.SV S 

v3 = vl - o.sv s 

where vl. v2• v3 maximWD ten minute mean wind speeds (m/s) 

pc central pressure (mb) 

r radius from centre of ieye to point under 
consideration (km) 

R radius of maximum winds (km) 

v forward speed of typhoon (m/s) s 

c. k constants obtained by data fitting 

L s I 
s 

Northern Hem1sph~re Southern Hemisphere 
PiCJUr• 2 Wind Speed• In Typhoons 
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Fiqure 2 shows that wind speeds are generally higher to th~ left of the 
eye in Southern Hemisphere events and to the right of the eye in 
Northern Hemisphere events. 

The calculations using the three relationships given above are 
complicated by the changes to the wind field that occur as the typhoon 
makes landfall. Figure 3, taken from a recent report on an Aus~ralian 
tropical cyclon~ shows that the eye started to decrease in size as soon 
as it crossed the coast. (aeardon, iialker and Jancauskas, 1986). 

I 
Approxi•te outer 1 , • 
baundary of e,e , ' 

'1' I •' 
~bindl • ,,. 

r I , ,. 
11 r 

' . ~-... '~-~·- . ~ --'S". 
1 I ,. ·~A 

I I 
I I 

•' 

I I 
I I ,. 

1(1Qi6fti\~ ~- Af>proxi•te loation of , , .~ i eye at 6.30 p.a. 1 1 
>tf! Johnstone• :;_ ~urilyan -:. 1.2.86 1 1 1 

_, • ' •'' Rena Creek • it Harbour ~ I I 
1 

l ~ Cowley Beach'?! / 1 
~ :z ,,.. ,, 
~ Sil twood • .,. :t I I 
C",,_ • ~ I I 
~ ~ ,r 

,,,,,,. ElArish• .·.• l~ 11 • 1 

_,,,I_,,,,,,,. •'/'.;f'.,C",1 .. :.~ I 
' I I I I • ,-,.,.~...,·· 

Tully e rtission Beach 

'Dunt !stand 

Hinchinbrook 

PiCJUre 3 Eye l'Osition As CyclClne Winifred Crossed The 
llorth QueenSland coast 

The chanqe in size of the eye causes a reduction in R and this is 
accompanied by an increase in p and often by an increase in V

5
• The net 

result is a reduction in the maximwn wind veloc1ties c•lculated. This 
is consistent with field obser~ation. It is to be noted that ~hese 
relationships have been developed for winds over the sea, and should be 
used with caution when extrapolatinq velocities for larqe distances over 
land. 

It is possible to locate the pJsition and size of the eye with a 
reasonable amount of certainty by recordinq coaanents from occupants 
interviewed durinq the course of the investi9at1on. Other infor111ation 
can often be obtained by flyin9 over the daawa9ed area, and notin9 the 
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direction in vhich most trees had fallen. Where trees have fallen in 
or;;>osinq directions there is a hiqh probability that the centre of the 
eye passed over that pdint. Fiqure 4 illustrates the usefulness o! 
fallen trees in locatinq the path of the eye. 

drawn for Northern Hemisphere 

t.~is tree felled by 
trailinq edqe of eye 

/ 

/ 

/ 
/ 

/ 
/ 

/ , 
/ 

/ 

, 

this tree felled 
leadinq edqe 
eye 

arrows indicate direction 
of fallen trees 

FiCJUre 4 Loc:atiRCJ Eye Position From Tree Dalla9e 

Establishing the path of the eye at an early stage of the investigation 
can be advantageous as it can be used to locate col!llllunities in which 
damage •• l•kely to be CIOSt severe. 
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2.1.2 Determi.."Mltion Of Wind Velocities 

The techni~es described in the preceding subsection can be used tu 
extrapolate velocity measurements or estimates, but t~ey rely on a 
number of locations at which ~elocities can be determined. Frequently 
the determination of these velocities can present a major problem. 

In the investigation of typhoon damaqe three alternatives are sometimes 
available for the estimation of wind speeds at a given location. 

(i) 

{il.) 

(iii) 

2.1.3 

Direct Measurement 

Where the typhoon has passed close to a major weather 
station it is possible th~t a cont~nuously recording 
anemcmeter may have a readable trace. Many types of 
anemometers have non-linearities at high velocity, so 
extrapolation of calibration curves should be carried out 
with extreme caution. 

Dines anemomet~rs have proved reliable in recording typhoon 
strength winds and have a response period of approximately 
three seconds. 

Ir.f erence From Damage To Vegetation 

Experienced meteorologists can gauge wind velocity fairly 
accurately by the extent of damage to certain types of 
trees. This has led to the development of a number of 
subjective damage scale such as that proposed by Amadore et 
al (1985). 

£xamination of damage to simple structures. Simple 
structures which can be easily analysed to find the failure 
load, can be used to determine upper and lower bounds on 
wind velocities at the location and height of the structure. 
Care should be exe··cised in the choice of these structures 
and the type of damaqe, to ensure that it was wind alone 
that caused the damage, and that the aerodynamics and 
structural action are are well understood. some examples of 
this type of investigation are presented in subsection 
2.1.3. 

Where possible many independent estimates of regional wind 
velocities should be obtained. This will enable the use of 
extensive cross che~k1n9 of wind speeds and hence wind 
loads. 

Ground Truthil!CJ Wind Speec!s With Si!fl• Structures 

A number of different types of common simple structure can be used to 
define upper and lower bounds on wind velocities. However, there are a 
number of pitfalls associated with their analysis. 

The analyses presented 1n this subsection will good eseimate of the 
upper and lower bounds on wind speed at the height of the structures 
analy'Sed. 



• 18 • 

The corrections gi~er. in seccions 2.2 and 2.3 should then be used to 
relate the wind speeJ at the structure height to the commonly used 
reqional wl.nd spe'!d equivalent to speed at a height of lOm in open 
country. 

The techniques outlined in this section also serve to introduce th~ 
process of analysis. The process wil! be expanded further in chapters 3 
and 4. 

(A) Road Signs 

Road siqns can form very good directional anemometers. They attract 
very lJ.ttle load if the wind is blowing acrc.s~- the face cf t;he sign. but 
r.onsiderable load if the wind is blowing nearly normal ~o the face of 
the sign. In fact. wind tunnel tests (Roy. 19831 have shown that for 
winds within 30° to the no"lllal to the face of the struct;ure allproduce 
approximately the same load. This load is very large compared with the 
drag on the leqs, so the effect of the legs can safely be iqnored. 

The draq on the sign itself can produce larqe bending moments in the 
supports. Where the wind velocity is hiqh er.ouqh. it can cause bending 
failure in the supports. The section that has failed ir. bending can be 
analysed to determine the load that caused the failure. 

Care must be taken in the selection of siqns for analysis to ensure that 

(i) the damage was caused by wind alone and not by airborne 
debris. such as tree branches or building materials. 
The sign and pole must be carefully examined for wood 
residue or fresh scratches that may indicate debris 
impact. 

(iii the damage to the sign must be the formation of a hinge 
in the upright. not a rotation of the footing in the 
soil. The failure of an upright can be related tc its 
plastic section modulus. whereas there is little way ~f 
quantifying the footing failure. 

Figure 5 illustrates the steps in the analysis of the failure of such a 
sign supported on metal legs. 

Area of siqn 
A p 

T 
h 

J_ 
n legs with plastic section modulus s 

elastic secti~n modu1u» z 

Fi911re 5 Analy•i• of Road Siqn• 

/ 
of 
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Tt.js method can be used to analyse siqns on one or more vertical le9s 

n = number of leqs 
3 s = plastic section modules of each leg <mm3> 

z = elastic section modules of each leq <mm > 
F = yield stress of leq material (MPa) .. 

.z 

A = face area of siqn (mm2) 

h = heiqht of centre of sign above 
position of hinqe or potential 
hinge (mm) 

v = maximum c;ust velocity at height of 
the sign (m/s) 

(1) Check sign for damage by debris. If there is a possibility of 
debris damage results will not be conclusive. 

(2) Where the sign has been pushed over and hinges have formed in the 
sic;n leqs, then the moment required to push it over is the plastic 
moment of the support system. 

ie bending moment > nFYS (Nllllll: 

(3) This iDOlllent can be used to find the load exerted by the wind on 
the siqn. 

bending moment = 

ie 

Ph 

p > nFy! 
h 

(N) 

(4) The load exert~j by the wind is a function of the wind velocity. 
The draq coefficient of most siqns is 1.2, so 

p = (1.2 x 0.6 V2) A x 10-6 
(N) 

v = 1179 .!I 
> 1179 R-

(m/s) 

v (m/s) 

This gives a lower bound on the maximum wind velocity normal to the face 
of the sign at that location. 

The wind velocity had to be greater than that figure at some time to 
cause the leg failure and blow the sign over. 

A converse argument can be used to find an upper bound on the maximum 
wind velocity. Where a sign had remained upright then we can conclude 
that the wind normal to the face of the sign was not strong enough to 
~ause failur~ of the leg. 

C2a> Where no damage had been caused to the legs, the material in 
the leg had not yer. become plastic, so the appropriate 
properly that gives the capacity of the saction is 1ts 
elastic modulus. 

ie bending moment < nF yr. CNnun) 
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(3a) is similar to the relationship established above. 

ie p < (N) 

(4a) gives the upper bound on maximum wind velocity 

v < 1179 (m/s) 

in other words had the velocity at any point in time exceeded V, the 
sign may have blown over. As it had not, the maximum velocity must have 
been less than v. 

Using these two ~nalyses, every road sign can be regarded as a 
anemometer. 

(8) Fences and Hoardings 

These simple structures can also be used for wind speed evaluation using 
a s~:ailar approach to that adopted for the road signs. 

Care must be taken to ensure that -

(i} 

(ii) 

(iii) 

damage was caused by wind alone, not airborne debris 

damage was a bending failure of supports, not rotation of 
the footing in the ground. 

the hoarding or fence was effectively impenneable, tiinDer 
palings, bamboo matting or slats may let air pass through 
and reduce the effective drag coefficient. 

In general, only a portion of a fence or hoarding will be blown down, 
however the aerodynamics of the simple structure is a function of the 
entire width. Figure 6 presents a typical example with timber supports 
and the calculations underneath p~rtain to the evaluation of load. 
Again the work shown illustrates the principles used in the evaluation 
of maximum qust wind velocities and is a basic analysis method. Du~ to 
the difficulty in defining strength of timber, the estimates will be 
subject to more variation than for similar structures supported r·, steel 
legs. 

= spacing between l~gs in the section which has fallen down (mml 

H,B = cross section dimensions of the timber legs (mm) 

F • modulus of rupture for the species of timber used in the l~g (dry 
value) CMPal 

h • heiqht of centre of the hoarding above the fracture in ~he leqs 
cmml 

h 
w 

h' 
w 

v 

• 

• 

• 

height of the ho~rd1ng (top to bottoml (mm; 

height of the bottom edge of the hoarding abl..ve ground level 
(commonly zero for fences) (mml 

maximum gust velocity at the height of th~ hoarding <ml•l 
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(l} 

(2) 

(3) 

(4) 
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b 

h 

s p 

cross section of leg 

-centre line 

Figure 6 Analysis Of BoarcliDCJS and Fences 

f 
h 

w 

Check hoarding or fence for signs of recent debris damage. 
If there is a possibility of debris damage the results will 
not be conclusive. 

Where the timber legs have fractured, the bending moment 
that caused the fracture can oe expressed in terms of the 
section properties and the modulus of rupture. 

Z (elast.ic modulus) = eH2 

6 

then bending moment > FBH2 

6 
(Nmlll) 

This moment can be used to find tne maximum load exerted in 
the centre of the hoarding. 

P > FBH2 

6h (Nl 

Now the load exerted by the wind on the hoarding is a 
function of the wind velccity and the drag coefficient for 
the hoarding. The drag coefficient is a function of the 
geometry of the hoarding, in particular, the B/h ratio and 
the value of 'h '. Figure 7 gives the drag coetlicients 

w 
(CCI. 

then p • c0 x 0.6V2h S x w p 
l0-6 (Nl 

or v • 1 290 I f! ' (m/sl -
~ 

h Sp 
.J w 
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using the rela~ionship given for P in <31 above 

V "> 530 J FBlf
2 

' (m/S] 

C0 hwSp h 

Again this produces a lower bound on ~he ?naximt•;.n wind 
velocity normal to the face of the hoarding at ~hat 
location. 

By examin~ng hoardings that have not fail~. the same 
expression can be used to give an upper bound. ie ~he wind 
canno~ have been higher than V, or the hoarding would have 
failed. 

1.5 

1.0 

~o BO 

h' = 0 w 

120 

h'>0.25h w w 

interpolate for 
0 <h' <0.25 h w w 

c/h w 

160 

FiCJUr• 7 Relationship Between Hoardinq Geolletry And Ora9 Coefficient c0 
(AS1170 - Part 2, 1983) 
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(C) Trailer Homes 

A third simple structure that can be used to estimate upper and lower 
bounds on wind velocities is typified by small riqid sheds. caravans or 
trailer homes. These structures arc rarely tied down but rely on their 
weiqht to counteract the overturning moment caused by lateral wind 
forces. 

Aqain prior to the analysis there are some conditions that must be 
satisfied. These are similar to the ~onditions for the previous two 
structures. 

(i) damaqe was caused by wind alone. no~ by airborne 
debris. 

(ii) the structure was not tied down to the ground in any 
way but relied on its own weight to resist 
overturning. 

(iii) the structure remained intact and failed by complete 
overturning. A simplification of the structure to a 
rigid box is a valid one. 

in this case, the weight of the structure must be taken into account in 
the calculation of V. Uncertainties in the determination of weights of 
these structures can decrease the reliability of the calculated wind 
velocities. 

Fiqure 8 shows the salient points used in the calculation of maximum 
~ak qust velocity. Wind tunnel studies have shown 0hat the net 
overturning moment is independent of angle within 30 to the normal to 
the structure. 

Area A 

h j_h, 

T 

p 

__ __.,. 
wind 

-

-

Figure 8 overturning Of Siaple Structures 
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-' 

J 
w 



A = 
w = 
h = 
t{ = 
w = 
v = 

(1) 

(2) 

(3) 

(4) 
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cross sectional area normal to wind 
weight of structure 
height to the centroid of windward face 
height of lower edqe of structure above ground 
wheelbase, or width of structure 
maximum gust velocity at the height of the structure 

, .. 2, 
(N) 

(mmJ 
(an) 

(ma) 

(m/s) 

Check structure for signs of debris damage or damage prior 
to overturning. 

The restoring moment due to the weight force of the 
structure is a function of the weiqht distribution of the 
structure. Where possible this should be determined by 
interviewing owners or occupiers. 

Assuming an even weight distribution. 

restoring moment = 

For overturning to ha~e taken place 

Ww 

2 
(Nam) 

overturning moment > restoring IDOlllent 

ie Ph > Ww (tlnm) 

2 

or p > Ww (N) 

ill 

Drag coefficients can be used to relate wind velocity to the 
lateral w~nd force. 

• For structures with a clear space underneath (h >OJ 
CD is approximately 1.1, but for th~se on 9round it can be 
0.9. An appropriate value should be chosen. 

2 10-6 p = CD 0.6V A x (N) 

v = 1290 /;t;. (m/sl 
C0A 

then usin9 the relationship given for P in ( )) above 

v 912 /ww Cm/s) 
hC0A 

For structures which have overturned, this gives a lower 
bound for the maximum gust velocity. The wind speed must 
have been greater than this to cause the overturninq. 

If the above relationship is used on structures that have 
not overturned, it w1ll g1ve an upper bound on the maximum 
w1nd gust speed. i.e. if the wind speed had been higher than 
that figure it would have caused overturning. 
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2.2. Effects Of Vepbatioa And Other Structures 

Durinq typhoons, brittle or weak veqetation will be removed by the hiqh 
velocity winds. Shallow rooted trees can also be blown over. However, 
a number of more resilient bushes and trees can resist the force of the 
wind and serve to break up the wind stream. Stronq structures can also 
cause siqnificant surface rouqhness that can influence wind velocities 
downwind of t!•em. 

2.2.l JDmdary Layers 

'l1le wind at a qr-=at heiqht above the earth's surface has a very hiqh 
velocity. There is a decrease in velocity of the wind as the earth's 
surface is approached. 'l1lis is due to the draq of the wind alonq the 
surface. When expressed in this way, it becomes obvious that the rouqh 
surfaces have a larqer draq effect than smooth surfaces. 

Typical velocity profiles are shown in Fiqure 9. Various mathematical 
80dels for this distribution have been put forward to represent the 
1elocity qradient. 'l1le complexity of some of these is probably not 
justified by the accuracy of measurements of wind speed from which they 
have been derived. 

! .. 
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FiCJUre 9 Variation Of Velocity With Bei~ht 

Most wind codes in use throuqhout the world incorporate models of these 
distributions, however a word of caution needs to be sounded before 
indiscriminantly usin9 them. 

Some codes such as the current British and American Codes use averaqe 
wind speeds and the heiqht/windspeed relationships f~r averaqe wind 
speeds are very different to the equivalent relationships for peak qust 
velocity. In subsection 2.1.2 a number of methods were presented that 
produced estimates or bounds on peak qust velocities. Peak qust records 
can also be very easily accessed from anemometer records. The boundary 
layer representations qiven in the British and American Codes are not 
suitable tor direct operation on those wind speeds. 



• 26 • 

In section 2.4 the maximua ~"Ust wind speed will be used at the height of 
buildings that are being assessed to calculate wind loads at the time of 
damage. Again heiqht/speed relationships appropriate to peak gust data 
are used for those operations. 

For these reasons the boundary layer representation presented in the 
Australian Wind Code will be used in this monoqraph. The Australian 
standard uses only data appropriate to the peak gust velocity. 

2.2.2 

The rouqhness of the earth's surface is v~ry difficult to quantify. The 
code cateqorises terrain based on the veqetation and type of structures 
that covers the surface. Four categories are defined in the Australian 
Standard. 

PLEASE t«>TE THAT WHILE THEIR NAMES ARE SIMILAP TO THOSE USED IN THE 
BRITISH CODE, THESE CATEGORIES DO ..oT FOLLOW THE SAME CONVENTION. 

'l'EllRAXB CATBGmlY 1 - Exposed terrain vi.th few or no obstructions and in 
which tlM! average height of any objects surroundinq 
tlM! structure is less than l.Sa. 

This includes ~rater bodies, flat treeless plains (there are 
a few of these in Australia), large expanses of rice paddy 
where there are no trees. 

'l'EllRAXB CATBGmlY 2 - Open terrain vi.th tell scattered obstruct:icms 
bavi.acJ beiCjbts generally 1.5 to 10.. 

This includes land in many rural settings, open parkland, 
the outskirts of towns and villages, and in the case of 
cyclones, buildings located in bushland. 

'!ERllUB CA'IEGORY 3 - Terrain vi.th numberous closely spaced obstructions 
bavi.acj tbe size of domestic boPJses. 

This terrain cateqory has been specifically established for 
towns and villages. Dense resilient bushland may also be 
classified as this category provided the trees have proper 
ability to withstand typhoon winds without extensive 
defoliation or loss of limbs. 

TEltRAZB CATEGORY 4 - City centres with mny tall buildinqs or large 
industrial comple:ires. 

Most structures examined in assessment programmes are less than 6m high, 
and for this type of structure it can be considered a~ completely 
embedded in its terrain if it is more than fifty metres from the edge of 
the terrain. This means that only the houses within fifty metres of the 
edge of town and villages need be considered as having a terrain 
Category 2 approach direction. The others could be classed as being 
embedded completely in terrain Category 3. 
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For each case in which an assessment is .ade or a structure analysed to 
determine wind speed. the terrain i..ediately upwind of the stz:ucture 
should be assessed on the basis of the above data. 

v 
s 

V = peak qust velocity at structure height <mis> 
Ks = multiplier (function of height and terrain category) v: = regional peak qust velocity 

K has been tabulated in the Australian Standard and that table is 
r~produced here as Table 1. For heights between ~ and 15 metres the 
same data has been plotted in Fiqure 10. 

V AlllATION OF DESIGN Wlm> VELOCITY WITH TEIUlAIN AND HDGHT 

v..._. "zl I 
tw.eirz T...- T...- T...- T_. 

• ~· C....,l C....,J ~· 
tip to J l·GD O·to 0·65 0-65 

5 HIZ 0·93 0·65 0·65 
so 1·09 MIO O·'ID 0·65 
IS H2 I-OJ 0·75 0·6S 
3t HJ 1• O·U O·'ID 
!fO 1·11 HS MIO O·IS 

ICIO 1·17 1·22 Ml o·• 
ISO MO 1·27 HI MJ6 
2llO l·JJ MO 1·2J HJ 
2..'fO l·J5 MJ 1·27 1-17 
JOO l·JS I-JS MO I·?? 
JSO I-JS I-JS l·JJ 1·26 - l·J5 I-JS 1-35 I-JO 

''° ~·JS 1-35 l·JS M2 
!fOO MS MS MS l·JS 
~~- l·JS I-JS I-JS l·JS 

Table 1 

K ·n cateqorY l 
£ ' -1:errai. 

1.00 

.,.,---in -- -· 2 

0}51 
terrain cateaorY l_ 

terrain category 4 

o.so 
2.5 5 7.5 10 

height (:n) 

PiCJUre 10 Variation Of Velocity With Terrain And ReiCJht 
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It i~ to be not.ed that all velocities qiven here are peak qust 
velocities as they are the ones that do the da.aqe. If an averaqe speed 
is required for the reqional wind velocity to perform an extrapolation 
of the type described in Section 2.1.l then the standardised peak 
reqional velocity could be divided by 1.6 to qive an averaqe re91onal 
velocity at !Om heiqht in terrain cateqory 2. 

2.l Effects Of variations Ia 'ft>poCJrapbJ 

As the wind passes over the earth's surfa:e it is affected by chanqes in 
shape of the earth'- surface. Hills, ridqes, cliffs and valleys all 
cause reductions of wind velocity at some points and increases in wind 
velocity at other points. This section attempts to quantify those 
chanqes so that the wind velocity calculated for any qiven structure can 
take due account of all the effects of the site. 

2.3.1 

(i) 

Qaal.itative pyaejjmtioa Of '!Op>tJEapbical Effects 

When the wind flows directly up a qently slopinq ridqe as shown 
in Fiqure ll(a), the flow near to the qround de-accelerates near 
the base of the escarpment, as the flowlines curve upward (Vb). 
The flow lines at this point are fairly widely separated. In 
contrast, near the top of the slope the flow lines are more 
crowded and the flow accelerates ,v ). Once over the crest, 
however, the flow lines spread out gausinq de-acceleration, with 
the speed finally returninq to a value close to the initial 
approach velocity (Vd). 

When the wind flows directly down the qently slopinq ridge, the 
flo~ pattern is almost identical to that for flow up the ridqe, 
but with the flow direction appropriate to that shown in 
Fiqure 11 (a) • 

When the wind flows directly up a steeply slopinq ridqe, as 
shown in Fiqure ll(b), separation occurs near the l..clse of the 
slope and eddies are qenerated imaediately against the slope at 
ii":. foot. This pushes the de-acceleration zone (Vb) well away 
from the foot. Reattachment of the flow generally occurs near 
the top of the slope. At the crest, separation can occur again. 
The eddies generated at the top can mean that structures just 
behind the crest oi ridges can be sheltered. The acceleration 
zone (V > is generally just downslope of the crest, and the 
de-acceleration generally takes place well away from the crest 
(Vd) • 

Flow down a steep ascarpment differs from the flow up the 
escarpment due to the non-linearities in the flow caused by the 
separation of flow. The effect is illustrated in Fiqure ll(c). 

Where the flow is at an angle to the ridge, the component of 
flow parallel to the ridge is unchanqed, but that normal to it 
1s changed as described above. 
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(iii Hills 

(iii) 

A hill differs from a ridqe in that wind may flow to either 
side. The flow on the centre line of the hill remains much the 
same as the ridqe representation, but 11Uch of the flow moves 
outwards to pass on either side of the hill and then inwards 
aqain afterwards. Thus not only the maqnitude of the wind 
velocity, but also its direction is chanqed. 

Separation and reattachment may occur for very steep hills. On 
a hill, the acceleration of the wind is a maximum at the crest, 
but it is qenerally less than the acceleration for a comparable 
ridqe. 

Valleys 

Where the wind is blowing directly up a valley or at a sliqht 
angle to it, the valley tends to direct the flow along its axis. 

If the valley is open at the w1ndward end, there will be some 
acceleration o: the flow due to the tunnellinq effect. 

Where the wind is blowing •cross the line of the valley and the 
valley is steep sided, it remains fairly protected because a 
separation bubble is formed between the valley walls. Where the 
valley is shallow ~r very wide it behaves much like a gently 
falling excarp!ll~nt followed by a gently rising ridge. It can be 
simulated by the effects shown in Figure llcaJ. 
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2.3.2 lblification Factors For 'lbpoqraplly 

The general form of the modifcation is 

v = 

V = expected velocity at structure site and height 

Kt = speed-up ratio for topographic effects 

v = 
s 

velocity at structure height 
as computed in Section 2.2.2 

(m/s) 

Cm/sl 

The relationship qiven above can be used directly where the wind is at 
right angles to the topographical effect. Values of Kt are given in 
Figure 12 which has been taken from work performed on topographic 
effects in Nev 7.ealand. 

lihere the wind direction is not normal to the topographic feature. some 
modification to the velocity at the structure site must be made. The 
method is illustrated in Figure 13 and is presented below. 

Fiqure 13 Wind At An Anqle To A Topoqraphic Feature 

With the wind at an anqle to the topographic feature, the structure 
heiqht velocity can be resolved into two components, one normal to the 
topographic features (V ) and the other parallel to the topographic 
feature (V ). n 

p 

v ,. v cos e 
n s 

v • v sin e 
p s 

The speed-up effect does not apply to the parallel component of the 
velocity but only to the normal component. The wind velocity at the 
structure height is the vector sum of the two components. 

ie v a /cv .K 12 • vp 2 
t n t 

The angle that the modified wind makes to the slope will be chanqed 
slightly by the change in speed of the normal component. 
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2.3.l Use Of "!bpocJrapbi.c And ~ain lloelification Factors 

There are two main uses to which these factors are put. 

(A) Conversion Of Peak Gust Wind Speeds At Simple Structures To 
Regional Wind Speeds 

Using the velocity estimation procedures outlined in Section 2.1 
the velocity at a particular structure may be determined. In order 
to relate the wind speed to other structures which may have quite 
different se:tings. the regional wind velocity must be found. 

(i) site structure windspeed is modified to account for 
topographic effects. This produces the structure height 
wind speed. 

v 
s = v 

K 
t 

(ii) structure height wind speed is modified to account fer 
structure height and terrain 

= Vs 
K 

z 

This produces the regional peak gust wind velocity for a 
particular location. That velocity can be used for other 
structures in that location or it can be extrapolated to 
other positions. 

(8) Conversion of regional wind speed to peak qust velocity at 
structure level. 

Once a regional wind Sf-eed has been established for an area it can 
be used t~ find the wind loads on buildings at specific sites in 
that area. To do this th~ wind speed must be modified to account 
for terrain, structure height and topography. 

(i) Determination of peak gust regional wind velocity. 

If the regional wind velocity determined for a particular 
area has been based on average wind speed data it must be 
modified to be a peak gust regional windspeed. 

= VR x 1.6 

• mean hourly regional wind speed 

• peak gust regional wind speed 

(i11 Modification to account for terrain and structure height 

v s • 

This produces the windspeed at the structure height for the 
appropriate terra~n. 



2.4 

33 

(iii) Modification to account for topoqraphic effects. 

v Vs Kt 

This produces the actual expected peak gust velocity at the 
structure height and can be used to find the expected wind 
loads on the structure. 

lli.nd loads ~ ari.ldinCJS 

This subsection presents a method for obtaining the loads on buildings 
from a given structure height wind speed. For structures that are not 
enclosed. such as masts. lattice towers or industrial facilities. drag 
coefficients should be drawn from standard fluid mechanics texts. 

2.4.1 Wind Pressure 

Wind is simply a fluid (air) moving. As such it obeys the basic laws of 
fluid dynamics. The most fundamental of these is Benoulli•s theorem 
which quantifies the fact that if a moving fluid is slowed down. its 
pressure must increase. Houses. along with other obstructions on the 
earth's surface contribute to drag which effectively slows down the air 
near the ground. The pressure in the iamediate vicinity of these 
obstructions must increase. 

A free stream of air moving at velocity V has the capability of 
mobilising the following pressure P 

q = 0.6V
2 

1000 

This pressure is known as the free stream dynamic pressure. It should 
be evaluated for each building at roof height. 

2.4.2 Pressures on Buildinqs 

The actual pressure on any building surface can be related to the free 
stream dynamic pressure by pressure coefficient. Negative pressure 
coefficients indicate suction normal to the surface. 

For any face of the building 

p = c q 
p 

Then for any face of a rectangular building as shown in Figure 14. the 
appropriate values of Cp can be used to find pressures on all faces. 
Note that the win1 direction relative to the building axis is given as 
an angle 0. Prior to the determination of the wind loads, it is 
necessary to infer from either the damage itself or an interview with 
the occupants, t:1e direction from which the wind was blowing when the 
damage was initiated. 



• 34 • 

wind 

Piqure 14 llotation For Pressure Coefficients Ol ari.ldi.nqs 

For wind in any direction the external pressure coefficients for any 
wall can be found using the following data. 

(i) 

. (ii) 

(iii) 

Windward wall Surface 

9.lildings set on the ground 
9.lildings set above the ground 
ie open underneath 

Side walls Surfaces 
These are the walls that the 
wind blows parallel to 

Leeward wall Surface 
All buildings with roof slope 

< 25° 

Where 0 = o0 and roof slope 
> 25° 

Where 0 = 90° and roof slope 
< 25° 

= + 0.6 

= + 0.8 

c = -0.6 
p 

cp = -o.J 

= -0.5 

0 
For all buildings with a roof slope of less than 10 , the uplift 
pressure on the external surface of the roof is given by the following 
data. 

Distance from the windward leading edge 
of the roof cp 

O to h 
h to 2h 
2h to Jh 
more than 3h 

-0.9 cuphftl 
-o.s 
-0.3 
-0.l 

The above fi8ures can also be used for a building with a roof slope of 
more than 10 if the critical wind was blowing from e. 90°. 
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If the wind was blowinq such that 9 = o0 then external pressure 
coefficients from the following table must be used. 

EXT£RSAL PRESSURE COEmCIENTS c. FOR ROOFS OF BULDINGS 
FORI =I° WITH o ~ 11° 

' 
........... .... ..._ 1.-m...,. 

"'~ 
.. tle •• *&ras 

•• I 15 JI H JI J5 '~ ;;it 61 •• 15 
c; G.lS -0..1 I -0.4 -01. +O.:? -0.:?.. .0.) -u. +cU .0.4 +cl.! +o.Ole -0..2 -0..! 

u -o..• I -0.6 -0..C -0.). -".2 -0.?. .... 2 -0.:?.~.) +o.C .... o •• -0.S -0.! 
Oill 1.0 -1.l -1.0 -0..7 -0.S -0.). +0..2 -0.:?.. 49.:? .0.0.l -0.01• -0.! -0.6 

The pressure coefficients given above can be used to find a rough 
estill'ate of the total load or. the b~ilding. For each wall surface the 
external pressure, p, is found from 

P = CP qz (kN/m
2

) 

The load on each surface can be found by mulitplying the pressure by the 
external area of the surface. 

Where cladding has been damaged, it is necessary to calculate internal 
pressure coefficients as the net load on the cladding is a combination 
of external pressure and internal pressure. 

2.4.3 Claddinq loads 

Loads on the cladding are a function of the external pressures and the 
internal pressures. However, as the cladding attracts external load 
over very small areas, turbulance effects can cause very localised high 
suction on both walls and roof. Over the large surface area of tne 
whole building these load~ are effectively damped out, but must be taken 
into account in the determination of the local cladding loads. 

(i) Local Pressure Factors In Suction Areas 

Over quite small areas very large suctions can be mobilised on 
both roof and wall surfaces. The Australian Standard defines a 
dimension, a, over which the local pressures may act. Figure 15 
illustrates the definition of a. 

a is the smaller dimension o~ h 
o:: 0.2 b 
or 0.2 d 

On any external cladding surface normally subjected to suction the peak 
suction could be increased due to local turbulence effects as follows -

Over an area of a x a the suction could be increased by a 
factor of 1.5 

Over an area of 0.5 a x 0.5 a the suction could be increased 
by a factor of 2 .o. 

;;t JI 

-0..6 
-0..6 
-0..6 
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Where damage to claading has been observed. these two effects should be 
evaluated and the one which places the damaged element under the highest 
load s·"lould be used for calculating the cladding load. 

b 

• : die ' :Jllit IO MIC or 0 ~ OI' 0.]i/. ~ IS Ille lease. 

l.:»cal pressure factors are not applicable 
at ridge where roof pitch < 10° 

Figure 15 Iocal Pressure Zones 

(j i) Internal Pressures 

The pos~tion of openings in a building can have very significant 
effects on the cladding loads. Figure 16 illustrates the effect 
with a dominant opening in just one wall. In Figure 16(a) the 
dominant opening is on the windward wall and it admits the 
positive windward wall pressure to the internal air space. With 
~his configuration of wall openings. there is little or no net 
pressure differential on the windwari wall, but a very large net 
pressure on surfaces with external suctions s~ch as the side and 
leeward walls and the roof. 

In Figure 16(b), the dominant opening is on the leeward wall, 
and it reduces the pressure differential across t~at wall. This 
produces an internal suction. The internal suction causes a 
large net pressure on the windward wall and reduces the net 
pressure on all other surfaces. 
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wind 
--L ' i 

wind --r t f - - - - - -
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(a) dominant openinq in windward 
wall 

(b) dominant opening in leeward 
wall 

Figure 16 Effect: Of Openings On Internal Pressures 

Often in reality, the confiquration of internal openings is not as 
straight-forward as Figura 16 would lead us to believe. Unless 
buildings are completely lined, there is often an air space around the 
top of walls under the eaves. Many buildings with raised floors have 
air leakaqe through the floor itself and there is also leakage around 
nominally closed windows and doors. As most of the surfac~s of houses 
are leaky and most are under suction, the net effect of the general 
leakiness is to reduce internal pressures. 

Dominant openings are seldom designed into buildings. Damage to windows 
and doors on the windward side of the building du: to wind presure or 
airborne debris may cause a rapid increase in internal pressure. The 
presence of positive internal pressures may double the net load on 
cladding elements, so it is critical that internal pressures be 
correctly evaluated. 

Advice from the occupants of the building will be particularly useful in 
chis regard, particularly if they were in the building during the 
passage of the typhoon. 

(1) 

(2) 

(3) 

As accurately as possible, determine which windows and doors 
wer~ open or damaged at the time of the first serious 
structural damage to the building. 

Estimate the porosity of the floor, walls (especially around 
the top) and roof. This may be expressed either as 
dimensions of the clear opening e.g. lOClmm gap at the top of 
a 1•7m wall, or as a percentage e.g. S\ porosity of the 
floor. 

This will enable the area of opening on each wall to be 
assessed. A permeability ratio can be found as. 

r 
p • total area of oper . .1.ng on windward wall 

total area of opening ?n all suction surfaces 
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If r > 1. then the internal pressure coefficient is 
by tl~e following relationship and is positive. 

r c pi p 

1.0 +0.1 O!' -0.l 

1.5 +O. 3 

2.0 +0.5 

3.0 +0.6 

6 or more +0.8 

If r < 1. then the internal pressure coefficient is 
neqa~ive. 

r c pi p 

LO -0.l or +O.l 

0.8 -0.3 

0.5 -0.4 

0.3 or less -0.6 

given 

Care taken with this part of the load determination often 
pays dividends. particularly where there is significant 
cladding damage to the building. 

'ftle determination of the loads on elements that have failed 
is particularly important in makinq any damage assessment 
useful for the correction of errors in building design or 
construction practice. rt is often one of the least 
exciting aspects of damaqe investigation but it is a very 
important part of it. At the site investigation stage, it 
does not take much extra time to record the information that 
will make load determination possible. 
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3.0 

The previous sections have concentrated on general considecation such as 
the planning for a typhoon damage assessment and the calculation of ~ind 
speeds for an area damaged by strong winds. In this chapter, more 
emphasis will be placed on individual buildings, their structural 
behaviour and assessment of their performance under the loading of 
strong winds. 

It is tc be emphasised that this is not a design exercise; the house 
under examination will have a structural configuration with which we 
must work, and the wind gus~ that caused the damage will have come from 
a single direction. The assessment process is one of analy~is in lo'hich 
the struc~ure and the wind lc~ding are known and the technician must 
estabiish which of the many failures evident on the damaged building was 
the first one to occur. 

If necessarf, a desiqn process may be adopted later to select an 
appropriate improved detail to prevent a similar failure from occurring 
in the future. 

The first step is to gain an understanding of the way in which houses 
resist wind loads, as it is quite different to t.he way in which larger 
h-sildings carry loads. 

3.1 Rouses lti.tbout Structural CladdillCJ 

These types of houses are common in all parts of the world and include 
timber framed houses clad with weatherboard, timber framed brick veneer 
houses, framed houses with bamboo or coqun grass matting as wall 
c:ladding. 

In many cases the wall material may be structural, but a roof cladding 
that is not able to carry in-plane loads, may be used. Steel sheeting, 
asbestos or fibre-cement sheets or plywood shee~ing roofs can all 
mobilise resistance to in-plane forces, but thatch, tiles or shingles 
cannot carry in-plane forces. The comments in this section with 
reference to the roof structure are applicable to the roofs ol houses 
clad with thatch, tiles or shingles. 

3.1.l Transai.ssion Of Lateral Loads 

The cladding can attract out-of-plane loads due to the pressures 
evaluated in the previous sections and these loads must be carried by 
bending to the structural frame of the house. The structural frame must 
then carry the wind loads safely to the ground. A summary of the 
actions is illustrated in Figure 17 and is presented below for 
horizontal loads on the wall cladding. 

(iJ windloads on cladding carried by bending in the cladding to 
vertical frame members (studs) • 

(ii) studs carry loads by ben,ing to top and bottom horizontal members 
(wall plates). 

(ii1l wall plates carry leads by bending to the top of diagonal braces 
which in turn, carry the load to ground. 



• 40 • 

(iv) diagonal braces act in ter.sicn. 

-
FiqurE 17 Load Transfer Throuqh Frame 

The diagonal members mentioned in (iv) Q~ve are generally incorporated 
in walls running normal to the windward wall of the house as shown i~ 
Fiqure l~. Where the houses are set above the ground, the bottom plate 
maybe supported by diagonal bracing betwe~n th~ legs. 

3.1.2 Evaluation Of Member Loads For Lateral Forces 

Most structural systems in which the cladding does not carry in-plane 
loads can be regarded as statically determinate. 

(A) Studs 

Once the pressure on the wall is known it can be used to find the load 
on each stud. Studs span as simply supported beams between top and 
bottom wail plates. The bending moment a~d reactions at top and bottom 
can be found by simple statics. 

pressure 
loading 

I.actions 

loading diagram bending moment 

max. 
b.m. 

max. 
shear force 

shear force 

Figure 18 I.Dads On Studs And Stud COnnections 

Maximum bending moment = D S H - 2 
(k~) 

8 

Reaction at top and bottom .. f...Ll:! (kNl 
2 

p • net pressure across wall cladding (kN/m
2

J 
s • spacing of studs (m) 
H • height of studs (m) 
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It can be seen that the maxi.aua bending 110aent is in the centre cf the 
stud. If the stud were to fail in bending under the action of vind 
loads, the failure 'iauld be expected near mid-height. 

Likewise the connection at the stud/wall plate junction must be capable 
of carrying the maximum shear force in the s~ud. 

(8) Wall Plate!. 

Wall plates, pa~ticularly the top wall plate, can be regarded as 
spanning between transverse walls. They are located directly by the top 
of the studs. This load is applied at discreet points along the plate, 
but ~i:hin the accuracy of the other approximations in the analysis of 
the action of the house, it can be regarded as a uniformly distributed 
load. 

! i reaction 
plan view 

loading diaqram 
f I ' f f ' ' ~ ' pressure loadinq 

I· v •I 

bending moment 
diaqram 

-;=:::::----- max. bendinq vcr ! 1 llhl wt 

FiC)Ure 19 Loads On tlilll Plates And wall Plate Connections 

w = ·width of room ie distance between transverse walls 
H = height of studs 
p = net pressure across wall cladding 

effective uniformity distributed load = 2...1! (kN/m) 
2 

maximum bending mollll!nt = ~ {kNm) 

16 

reaction at each end = f.1!..! 
4 

Again, the maximum bending moment occurs at midspan of the wall plate, 
so if bending !ailure occcrs, it would be expected in the centre of a 
room. An interesting diversion is that the maximum bending motnent can 
be very large for large W. This makes wall failure in big rooms much 
mo~e likely than in small rooms. As a result shelter during a typhoon 
should t~ taken in the smallest rooms in the house to minimise the risk 
of injury due to wall failure. 

(C) Transverse Walls 

Th--se walls are loaded at the top by the wall plates as indicated above. 
They ~ust then carry the horizontal loads to the bottom or the wall by 
in-plane strength. When cladding cannot provide this, a brace is 
generally used. Where the cladding cannot provide in-plane resistance 
and no diagonal brace has been fitted to the wall, it is generally 
ignored as a structural component, of the house for carrying lateral 
loads. 
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The transverse walls can attract lateral load fra. each side of the 
house. Pressures on the windward wall give reactions at the top of 
transverse va!ls in the same direction as the suctions in the leeward 
walls. 

The transverse walls llUSt therefore be analysed for lateral loads at ~he 
top equal to the sum of all reactions at that wall en the windward wall 
plus the sua of all reactions at that wall on the leeward wall. 

Fiqure io shows the salient points in the analysis of the structural 
beha".l'iour of the wall. P 

(l 

Fii:;ure 20 Loilds OD TraDSYerse val.ls 

The strenqth of the transverse wall is due to the fact tl1at it has 
formed a trianqulated structure with the brace and a vertical stud 
carrying axial forces. 

then 

and 

p = Sum of all reactions at bracing walls for 
windward and leeward top plates 

B = Axial force in diaqonal brace 

c = Axial force in wall 

a "' Anqle that diaqonal 

B = p 

cos a 

c • e sina 

c • P tana 

stud 

brace makes with the 

both 
(kN) 

(kN) 

(kN) 

horizontal 

(kNI 

(kN) 

Where a brace is tied into a number of studs and is constructed of a 
reasonably stiff member such as a lenqth of timber or bamboo, it can 
also carry compression if the wind was blowing from the other direction. 
However, steel strap, wire, or rope braces can only be reqarded as 
tension members and their compression strenqth must be iqnored. 

Where diaqonal braces are used between the leqs of a hiqh house, the 
same analysis is used to find the loads in the members. 

Generally the bracinq members themselves can carry those axial forces 
~afely, but often the connections do not have sufficient strenqth to 
carry the loads. Bracinq failures most cOllllllOnly oriqinate at the 
connections. 
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l.l.l ~SSiClll Of Uplift Lewis 

As vas shown in Chapter 2, the roof is qenerally subjected to uplift 
forces. Frequently those forces are well in excess of the weiqht force 
of the roofirtCJ and roof structure, and can result i.r. pieces of the roof 
or roof structure beinCJ ~om free froa the rest of the house. 

Generally the transaission of the uplift loads within the roof structure 
is independent of the in-plane strenqth of the roof or vall cladding. 

A number of sia:iplifyinq assumptions can be made vi.th reqard to the 
transaission of the uplift load within the roof. These pr~marily relate 
to load distribution between the various structural elements within the 
roof. 

(iJ Claddinq loads are carried to cladding fasteners in 
direct proportion to the area of claddinq supported by each 
fastener. Near edqes of the roof, local pressure factors 
indicatl!d in Section 2.4.l(iJ shoulci be incorporated in the 
external pressure!;, and internal pressures should be 
calculated in accordance vi.th section 2.4.l(ii). The weiqht 
of roofinq material can be siqnificant, particularly where 
the roofinq is clay or concrete tiles, or wet thatch. 

(ii) Claddinq loads froa the fasteners are directly 
transa:itted to the roof battens. Mhile these members are 
lonq and are therefore qenerally continuously spanninq 
across their supports (the rafters), the loads at each 
roofi~CJ fastener are qenerally well correlated. It is 
therefore valid to assUlle that the battens receive a 
uniformly distributed load from the roofi~CJ. The edqe 
battens can be loaded bY the areas of roof inq subjected to 
the local pressure factors, so where the full span of a 
batten falls within one local pressure area, the local 
pressure factor should be used to determine the loads on 
those battens. 

(iii) The batten loads are carried to trusses or rafters 
that qenerally span across the buildinq. The span of those 
members is qenerally too larqe for the local pressure 
factors to be used for their loads. The rafter loads 
qenerally take into account the external averaqe pressure, 
the internal pressure and the weiqht of roofinq and battens. 
Batten spacinq is often close enouqh for the assumption of 
uniform loadinq to be a valid one. 

(iv) The rafr.er or trusses are ~enerally tied into the top 
of the walls. Where very heavy roofinq is used, the weiqht 
of the roof alone may be sufficient to counter the 
aerodynamic uplift loads. The for~e on the truss or rafter 
anchoraqe points can be calculated dlrectly frOlll the load on 
the rafters. 

(vi Particularly where liqhtweiqht roofinq and wall 
claddinq is used, th~ uplift loads may be hiqh-.r than the 
total structure weiqht, and the coaiplete buildinq may have 
to be tied into the qround. Anchoraqe to the qround 1s 
achie~ed by 1ncorperat1n9 structural members in the walls 
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that can carry the tensile forces associated vith uplift 
riqht throuqh to the footinqs. Loads on the footinqs are 
also affectl!d by the tension and coapressive forces due to 
the overturninq moaent of the lateral loads on the complete 
bui.ldinq. 

Recoqniti.on of all these effects is nec--ssary in the calculation of the 
uplift loads on eletaents within the structure. Many elements that are 
stressed prima~ily by uplift forces are also required to carry loads due 
to the lateral forces. 

l-1-4 bal.ation Of limber Loads POr Uplift POrces 

In tfu.s case, even though the structural members in the roof structure 
are not statically determinate, their lov flexibility and the hiqh 
correlation of vind loads on adjacent elements means that contributory 
areas can be readily calculated. 

(A) Roofinq 

Nearly all roofinq systems are tied down to battens and the roofinq 
to batten anchoraqe presents a possible weakness in the elements 
re~istinq uplift in a building. The area of roofing that is 
supported by a sinqle fastener can be taken as a rectanqle with 
side lenqths equal to the batten spacing and the roof fastener 
spacinq as shown in Fic;ure 21. t.ucal p~e~sure multipliers must be 
used for fasteners around the edge of the roofinq. 

=::::c~::a::::=-==:z:=~t;it::.==z::::::z::::z:::::!==. ~ ! batten :=:~ed ____________ ±__ -_-- - L_ 
fastener ~ 

I I ,. 
~roofing 

.::=:=:1::::::z::=::c::::z==:c::1==:c:::11c::::c=::11::::c====~ fastener 

Figure 21 Area Of Influence - Roofin9 Fasteners 

Pe = average external suc~ion on roofinng CkN/m2) 

pl. = internal pressure on roofing 
, 

CkN/11'-) 

l! • local pressure factor at edges 

t • thickness of roofing (M) 

w • unit weight of roofing {kN/m 3) 

s • spacing of roofing fast-.ners Cm) r 

Sb • batten spacing {m) 

Cl • roof slope 
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Net uplift pressure = (lf.P ) + p. - v.t.~os~ e i. 

load/fastener = (kNI 

w is an approximate density lov values are ccnservative 

8 kN/m J 
w = saturated thatch 

3 kN/m 3 
w = dry thatch 

j:JQ kN/m 3 
w = profiled steel sheets 

concrete or clay tiles 20 kN/:n 3 
w = 

Generally the highest values of Pe are for fast~ners near the 
upwind edge of the roofing. At this location if will be either 1.5 
or 2 depending on the area of roofing support.ed. The highest unit 
fastener loads are at that point. 

(8) Battens 

The relationships for loads on battens are very similar for those 
on roofi.ng fasteners. Battens are generally fairly light members 
whose weight can safely be ignored. They carry load primarily in 
flexure. 1 I I 

Area of 
influence 
for one 
batten -----==-ll-=:__=--==-.::=»--~ 

The net uplift pressure is the same as that for the roofing 
fasteners shown above and can be used to find the maximum bending 
moment in the batten. 

= battf:n spacing (m~ 

= rafter or truss spacing (ml 

Maximum bending moments can be calculated for continuous battens 
or in battens near butt Joints or at the ena of the building.where 
negative moments cannot be carried over rafters. 

Maximum continuous batten moment= 5b5 t
2 

Clf·Pe +Pi - w.t cosa)(kNm) 
12 

Maximum d1scontinu~us batten 
moment • Clf·Pe + Pi - w.t cosa) (kNm) 
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Maximum force in batten tc rafter connection 

= Clf-Pe +Pi - w.t cosa) (kN) 

Aqain the moments and forces in battens tend to be hiqher. closer 
to the edqe of the buildinq. 

(C) Trusses Or Rafters 

Generally the complexities of trusses mean that they have to be 
analysed individually. No generally applicable formula for their 
analysis can be presented. Fortunately however. their structural 
action is sufficiently reliable to prevent significant damage in 
most cases. 

(D) Truss Anchoraqe 

For some of the liqhter roofinq materials. the weiqht of roof 
trusses can be comparable with that of the roofing itself. With 
the heavier roofing. the trusses have to be stronger to carry 
gravity loads. so are frequently heavier as well. A reasonably 
reliable "rule of thumb" is that the unit weight of the roofing can 
be doubled to allow for the weight of the roof structure in 
calculation of uplift on the roof structure anchorage. 

b width of the house (span of trusses) (m) 
st = spacing of trusses or rafters (m) 

Maximum truss anchorage force 

= Stb {lf.Pe + Pi - 2 ~.t cosa) 
-r 

3.1.5 Interaction Of Lateral And Uplift Forces 

(kN) 

Many of the members in houses in which the cladding materials do 
not have in-plane strength or stiffness carry either uplift or 
lateral loads in isolation. There are only two main cases in which 
the two may overlap. 

(A) Wall Studs 

In resisting lateral loads. the wall studs act in bending and 
must transfer lateral reactions at each end to the wall 
plates. In resisting uplift loads wall studs can be used to 
carry vertical tension force from the truss anchorages to 
ground. Under those conditions, the members themselves are in 
tension and the connec~ions must also carry tension. 

- r reactions_., . ..-
' 

- I 
wind -
pressure --·- I , 

I , 
I 

~ 

lateral 
forces ' uplift 

~reactions 

, 

resultant 

FiCJUre 23 Combined Lateral And Uplift rorce• on Stud 
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Under combined tension and flexure. timber and many other fibrous 
materials have brittle failure characteristcs. particularly if dry. 

The connections under these circumstances must be able to transmit 
the .ector sum of the horizontal reaction and the truss anchorage 
load. 

(B) Sub-floor Structure Legs 

3.2 

Where diagonal bracing is used below floor level. the legs may be 
subjected to axial forces in order to carry the overturning moment 
due to the lateral forces on the house. The tensile axial forces 
will directly add to the uplift forces induced by the action of 
wind on the roof. 

In evaluating the net tension force in the legs due to uplift. the 
weight of the entire house and contents must be subtracted from the 
aerodynamic uplift. 

Rouses With Structural CladdiDCJ 

In many respects the analysis of this type of house is more complex 
because it can be structurally indeterminate. In some parts of the 
world this type of house predominates yet in other parts it is virtually 
unknown. Mud brick walling. wattle and daub walls. plywood walls. fibre 
cement sheeting cladding and even plasterboard linings are all capable 
of reristing in-plane forces and hence can all be regarded as structural 
wall claddings. 

Fibre cement roofing. steel roofing. or plywood roof or ceiling linings 
can all give the roof structure an inherent strength in resisting 
in-plane loads. This strength and stiffness has little effect on the 
structural mechanics of carrying uplift loads as detailed in Sectioh 
3.1.3 and 3.1.4. but it has significance in the resistance of lateral 
loads. 

3.2.1 TraDSlli.ssion Of Lateral Loads 

Again, lateral loads are attracted by the cladding which generally spans 
vertically to carry the loads to the roof structure and to the floor. 
In the case of thick mud walls, the high stiffness and horizontal 
arching action in the bricks may allow the walls to span horizontally 
directly to adjacent walls. 

Houses that have thin wall claddir.g materials generally incorporate a 
framework that surports the cladding on vertical studs. The studs are 
able to cany lateral loads by bending to roof and floor planes, as 
shown in Figure 17. 

Generally there is a load redistribution by elements in the plane of the 
roof that transfers the lateral loads to transverse walls. The 
structural m~chanics of that red1str1but1on will be discussed later in 
this subsection. Once the red~str1bution has taken place, the loads are 
carried as in-plane forces through the transverse walls. In subsection 
3.1.1, the only load path available was through a diagonal brace, but 
for the materials under consideration in this subsection, shear transfer 
within the cladding may be pos•ible. 
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The shear transfer within the cladding of transverse walls implies that 
the cladding is securely fastened to the wall framing. Generally where 
failures have been observed in the transverse walls. they have been due 
to an overloadin9 of the fastening system use<A to join the cladding to 
the frame. 

Where the buildings incorporat~ a roofing mater~al that can carry 
in-plane forces such as steel sheeting. plywood or fihre-cement boards. 
the lateral load transfer is effected by diaphraCJlll action within the 
roof. Th~ prinriple cf roof sheeting load transfer is illustrated in 
Figure 24. 

lap joint in 
sheeting ---+---1~ 

plan view 
of roof 

J~r 
I 1 

shear force 
diagram 

1 ! reaction 

- shear across 
lap joints 

t1ttftf1t tft1 ff fl 
wind pressure 

Figure 24 Diaphrap Action In Roof Sheetinq 

The roof sheeting functions as a very thin but deep beam and carries 
load from the centre of each room sideways to the transverse walls. 
This thin. deep beam has zones of shear weakness and flexibility at 
regular intervals throughout its length. where the shear must be 
transferred across the lap joints between individual sheets. At the lap 
joints the shear must be transferred by fasteners that penetrate both of 
the sheets at the lap. 

Generally for buildings the size of most houses. the fastening systems 
used to anchor the sheeting to the roof structure also have sufficient 
strength and stiffness to effect the required shear transfer. The 
stiffness of the roof diaphragm means that it can carry load past some 
internal walls and on to others. This makes the lateral load 
distribution within a house quite complex. An approximate method for 
the load distribution between the transverse walls is outlined in the 
next subsection 
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l.2.2 Evaluation Of llellber IOads For Lateral Forcas 

CA) Thin cladding systems fastened to frames. 

The analysis of the loads on the framing members is identical to 
that outlined in subsection 3.l.2CAl for studs. 

(8) Thick, stiff cladding systems. 

This type of system is restricted to solid brick, stone or mud 
brick walling. The stiffness of these types of walls is much 
higher than that of the roof structure. Their failure tends to be 
brittle and the behaviour is similar to a concrete slab subjected 
to out-of-plane loads. A rigorous analysis of the wall system could 
be achieved using a yield line method. 

The failure of such wall systems due to wind pressure lends itself 
to yield line analysis because the yield lines can be inferred from 
the damage pattern. Ir. mi:lny cases the collapse will not be total 
so the yield lines ~an be plotted readily onto a sketch of the wall 
as indicated in Figure 25. 

~.-r-_,...~jor 

(a) wall damaged but standing 

cracks 

remaining 
bricks 

position 
lines ----..--

- ., 
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I 
I 

(b) wall partially collapsed 

FiCJUre 25 Typical Yield Line Positions For Brick Willis 

Where the bric;work has cracked but not collapsed, the yield line~ 
can easily be iden~ified but where the brickwork has partially 
collapsed, the break lines can actually be below the yield lines as 
shown in Figure 25. Careful examination of the debris will be 
required to identify the position of the yield lines. 

Yield line an~ly~is will produce a moment capacity of the brickwork 
at failure. These calculations are very useful as very little is 
known about the actual performance of many types of brickwork under 
out-of-plane typhoon wind loads. 

Reinforced concrete design texts cover the fundamentals of yield 
line analysis. 
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(C) Lateral load Transfer 'l'hrough Roof SbeetiDCj 

Except where a house has only two structural transverse walls. one at 
each end, the stiff roof diaphraqm can function as a continuous beam. 
'l'he total lateral force on the house that is carried to the roof must be 
apportioned to the transverse walls for transmission to ground. 

Tests performed en full scale houses (Boughton. 1987bl have sho;.m that 
th~ load is apportioned according to the in-plane stiffness of the 
transverse walls. For most cladding systems the stiffness of the walls 
is proportional to the length of the wall that is free of openings. 

'l'he total lateral load on the hcuse can be found from the work presented 
in Chapter 2. This load has a contribution from pressure on the 
windward wall and suction on the leeward wall. The load transmitted to 
the roof is half of the total lateral !~ad on the building as the 
remainder is carried by the studs to the floor level. 

The total opening-free length of transverse wall in the house can be 
found as shown in Figure 26. It is to be noted that only walls clad 
with materials capable of transmitting in-plane loads need be considered 
in this calculation. 

wl w2 WJ w4 LJ D 
-- -

twind I 
w2 D 

I • ,, + ~ ~1 
L2 

FiCJUJ:e 26 Lenqth Of fOtential aracin9 walls 
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The length of potential bracing walls does not include that part of the 
wall under or over doors or windows. 

~to Ll + L2 + L3 + ••••• L n 

1: to = sum of potential bracing walls for the house (ml 

Ll = length of wall w1 free of openings (m) 

n = number of transverse walls in the house 

then the lateral load carried by wall w1 is given by the following 
expression 

pl LI PT (kN) 

[ 1r. 
PT = total lateral load on the building (kNJ 

pl = lateral load carried by in-plane forces in CkN) 
wall 1 

These calculations can be repeated for as many walls as necessary in 
order to evaluate the performance of the building. 

Once the lateral force distribution within the house has been derived 
the shear force diagram for the roof can be drawn. This will enable the 
shear carried across lap joints to be evaluated. Methods for drawing 
shear force diagrams are generally indicated in elementary strength of 
materials texts. 

3.3 _!>amage Observation And !ypes Of Failure 

The quantitative methods outlined in the prev!~•1s two subsection enable 
the evaluation of the load carried by damaged building elements. It is 
the determination of loads that enables damage observations to be turned 
into building assessments • 

3.3.1 .Accuracy And amber Of Observations 

Often the information required to calculate the loads can be obtained by 
using estimated dimensions, as the accuracy of the wind speed data is 
often not very high. There will be a large scatter of the results which 
refle~ts the poor accoracy of the load calculation and also the large 
scatter often observed in the behaviour of building materials even under 
well controlled laboratory conditions. If enough assessment of the same 
type oC damage are made, then the large number of observations will 
improve the confidence that can be attached to the conclusions in spite 
of the scatter. 

Where possible, at least six assessments of the same type of damage 
should be made. A daily appraisal of the number of buildings checked 
should be made to ensure that effort is not wasted by reporting ln great 
detail the same type of damage. Unless there is a particular reason to 
concentrate effort on one particular damage pattern, no more than twenty 
buildings with identical damage patterns should be reported in detail. 
This does not praclude a cursory examination of more buildings. 
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PieJUre 27 Shearforce Diagrams For Roof 

Observation Of Damage 

The scale of damage due to the passage of a typhoon can be highly 
variable in any location. Some buildings may be totally flattened, 
while others may have little visible structural damage. Often 
d1screpanc1es in damage may occur within one street. Damage types can 
be classified as follows and shown in Figure 28. 
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(i) Superficial Damage 

This type of damage is usually confined to non-structural 
elements in a building. It may include sandblasting, or 
damage to roof gutters, window treatments or contents. 

(ii) Simple Structural Damage 

This type of damage is struc~ural failure but is confined to 
a single type of structural element. It may include failure 
of roof fasteners, batten fastening or lateral bracing. The 
distinguishing feature of simple structural damage is that 
damage is confined to a single feature. 

For example, all the batten connections in a house may have 
failed, but if all other details are intact, including the 
roofing fasteners, then the damage is simple structural 
damage. 

(iii) Local Structural Damage 

This type of damage is structural, but is confined to one 
area of the building although many structural elements may 
have failed. Typical examples would be damage to one corner 
of the roof in which roofing connections, batten connections 
and perhaps battens had all failed. The damage within the 
one house was not widespread and all the matching comporen~s 
could be readily identified. 

(iv) Severe Structural System Damage 

In this type. of damage many different types of elements may 
have failed over a wide area of the building, but they are 
all part of a single structural system. For example, 
widespread roof damage in which many components cannot be 
located and which incorporates damage to roofing, various 
connections and failure of some battens and rafters would be 
classed as severe structural system damage, because all the 
damage was confined to the roof system and was due primarily 
to the effects of uplift loads. 

(v) Very Severe Damage 

This type of damage usually renders buildings irre~irable. 
Extensive damage to both roof structure and walls m..1kes the 
effects of lateral and uplift loads impossible to separate. 

Very severe damage can make damage observation extremely 
complicated most of the failures would have occurred as a 
secondary effect during the collapse of the building. It is 
very important to identify the first elements to have failed 
and to differehtiate between those in!tial failures and 
subsr~uent damage. There are a number of techniques that 
can be used to find the first elements to have failed. 
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(A) Exaai.nation Of Sirilar Partially Damaged Houses 

Frequently it is very helpful to examine partially dam3ged houses 
before examining badly damaqed examples of the same type of 
building. Very different performance of identical buildings can be 
caused b}· different conditions of environmental shelter. Buildings 
in hollows. behind ridqes or protected by dense resilient 
vegetation can have simple structural damaqe w;1ereas identical 
structures in open locations can sustain very severe damage. 

The examination of buildinqs with simple structural damag" can 
facilitate the location of the weakest elements in the str~cture. 
The very severely damaqe buildinqs can be checked to locate the 
subtle signs of first failure. 

(8) Seaich For Signs Of First Damage 

A number of subtle signs can be used to locate the first failures 
in a severely damaged building. The fine scale of these signs 
means that often a small hand lense must be used to verify them. 
In houses with very severe damaqe it must be possible to identify 
particular elements as having come from one particular house. It 
also helps to have a prior knowledge of sources of weakness within 
the structure. This can be qained by examination of similar 
buildings showing simple structural damage. 

(C) Retrospective Analysis 

This is the most complex technique at our disposal to isolate firs~ 
failures. Some failures may be found among the debris that are 
simple to a.'lalyse. These may include flexural failure of clear 
timber or a ductile tensile failure of steel. The failure loads 
can be determined from the geometry of the components and 111aterial 
properties. These can be us~~ with the wind loads on the structure 
to infer the condition of the structure when these f3ilures took 
place. By repeating this exercis~ a number of times a~ 
illustration of the partially damaqed house can be built up. This 
picture can often then be reinterpreted as a simple. or at least, 
local failure and hence lead to the components involved in the 
first failure. 

3.3.3 ec-m.ly Observed Dimilqe llechaniw 

Through damage assessment progra111111es, a number of damage patterns become 
obvious. Some of the more common ones are described briefly below in 
order to facilitate their identification. 

(i) Fatigue Of Roofing 

The prolonged uplift on the roofing through the duration of a 
typhoon is accompanied by movement of the separation bubble causing 
the uplift. This can produce a large number of load/unload cycles. 
Over th£ hours during which this cycle is repeated, fatigue cracks 
may dev~lop in metal sheet roofing. These occur in the regions of 
highest stress - immediately next to the fasteners. 
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The fatique cracks start at the holes made by the fasteners and 
work slowly ou'l.vards. Once the crack has qone past the head of the 
fastener. the fastener can pull throuqh the sheetinq. 

The loss of a sinqle fastener causes the load carried by adjacent 
fast~ners to be increased. This extra load speeds the crack 
propaqation process and can lead to accelerated failure of those 
fasteners. 

Generally the roofinq fasteners caryinq the hi~hest loads are near 
the edqe of the sheetinq and the failure of a nu.her of connec~ions 
causes the roofinq to lift. This. in turn. chanqes the 
aerodynamics of the roof and increases the overall load on the 
sheetinq. The aerodynamic effect arad the load redistribution 
effect can combine to increase the fastener loads in the remaininq 
connection to well in excess of this failure load. At this staqe 
the roofinq over a larqe area of the buildinq may be torn free. 

The loss of the roofinq can have secondary iaplications. With no 
roofinq to keep out the rain the rest of the house can become 
rapidly saturated. Some wall and/or ceilinq claddings r.an lose 
strenqth when wet and allow failure of the house due to lateral 
loads. In other cases where the roof sheetinq was effectinq the 
dist=ibution of lateral loads to transverse walls. the loss of the 
roof can lead to collapse of the windward wall. 

'11lis example can also be used to illustrate the types of damage 
discussed in the previous section: 

Fatique failures can require a larqe number of load/unload cycles 
to be initiated. They can often occur late in the period of hiqh 
winds and hence when loads are fallinq. On some buildinqs, a 
number of fasteners may have failed but the loads may have then 
been low enough to prevent widespread propaqation of the failure. 
This would be a simple structural failure. 

In other cases, the flappinq roof sheetinq may cause damage to the 
batten system and after a few roofinq fasteners had failed, battens 
may break in ~endinq before the remaining roof fasteners had been 
overloaded. This would produce local structural damage. 

Where the roof sheetinq and/or part of the roof structure had been 
torn away and disinteqrated, but the remainder of the house had 
remained intact then the damaqe can be regarded as severe 
structural system damaqe. 

If, on the other hand, the loss of the roofinq ~ad caused walls to 
collapse as well then the damage could be classed as very severe 
damaqe. 

The various processes in the damage de~cribed above are illustrated 
in Figure 29. 
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(ii) Inadequate Strenqth Of Specific Elements 

Generally a number of identical connections are repeated throughout 
the building anc if the connection used does not have adequate 
strenqth to carry the vind loads. then widespread failure results. 
This can be the case with batten fasteners or truss anchorages. 

Aqain it is the long duration of typhoon winds that causes 
propagation of failure through the structure. Where short duration 
vind loads such as those associated with isolated storms cause 
failures. the damage is generally restricted to one or two 
elements. However. durinq typhoo~s the structure has to resist 
many high intensity wind qusts. These can cause overloading of 
some elements due to load shan.nq to cope vi th the load shed by the 
da!lllaged eleml"nts. Repe•ted qusts can therefore cause repeated 
failures. 

The failure process is similar to that described in (i) above. 
thouqh here the initial failure is not necessarily limited to 
fatique. A sinqle larqe vind qust may place local pressures on the 
roof that exceed the capacity of a single structural element. say 
for exaaple a rafter anchorage. After failure of a single element. 
the load it carried is redistributed to othe1· similar elements. 
Overloadinq durinq big qusts or subsequent qusts can cause other 
elements to fail. In our example. the adjacent anchoraqes may also 
fail as the battens bent to carry the load. 

As more fasteners fail so the magnitude of the overload increases 
and other elements fail proqressively more rapidly. It is quite 
coaaon for the complete roo! to be removed from the house as a 
sinqle unit by this type of failure. 

(iii) Effects Of Debris oamaqe 

In Section 2.4. it was indicated that the internal pressure within 
a buildinq was qreatly influenced by the position of dominant 
openinqs. The sudden appearance of a dominant openinq on a 
windward wall may double the net uplift on the roof. 

Discussions with occupiers of buildinqs have frequently yielded 
casP. histories that have these characteristics. Houses can be 
struck by pieces of airborne debris such as a branch of a tree or a 
piece of roofinq torn from another house. In these cases claddinq 
damage may result. Where doors or windows are hit by biq pieces of 
debris, catches or hinges can fail or glass can be broken. As the 
windward wall of the house is the most susceptible side to damage 
by debris, the hole caused by the debris admits positive pressure 
to the house. 

The positive internal pressure can cause sudden overload oLman~' 
roof structure elements leading to the apparently simultaneous 
failure of a very large number of fasteners. In these cases it m.:ty 
be nearly impossible to locate the first one to fail. 
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(iv) Damage Due To Lateral Loads 

In contrast with the uplift failures described in parts Ci>. (ii) 
and (iii) above, failures due to lateral loads on houses can occur 
quite slowly. Occupants may be able to describe the ra~~uce in 
quite a lot of detail. 

The more proqressive nature of the failures by bracing components 
is due to two main effects: 

Lateral loads do not fluctuate as rapidly as the uplift loads and 
hence build up more slowly. Ductile building components have a 
chance to respond to the slowly increasing load by extending and 
deforming prior to their failu~e. 

Also the mass of the structure and contents that is supported by 
most lateral load carying elements is much greater than that of 
roof structure elements. This builds inertia into the system and 
prevents the house from responding rapidly to failure of individual 
components. 

Frequently, however, the net effect of lateral failures is very 
severe damage as nearly all p.trts of the building are damaged by a 
less than graceful trip to the ground, as shown in Figure JO. 

(building has been moved sideways off 
footings) 

PiCJUre 30 Dallaqe Due To Lateral Load• 
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l.4 OMaracteristics Of First hi.lure 

As indicated in Section 3.3, first failures in structural components of 
housing ha?e some subtle characteristics. These can be used to confirm 
a suspected failure mechanism postulated for a given structure. 

l.4.1 Fatigue In Metal Elements 

Metals that have been damaged under repeated loading often fail due to 
prop:igation of fatigue induced cracks. The surface of these cracks show 
"striations", a series of small hills and valleys across the line of the 
crack. The striations are caused by the varying stress conditions 
within the metal during the propagation of the crack. 

They contrast with the generally smooth surfaces of metal elements 
broken with application of a single large load. When the failure 
surfaces are fresh, a fatigue crack surface is dark grey and mottled in 
appearance, whereas an overload failure surface is bright and shiny. 
This differentiation can rarely be relied upon after typhoons because 
wind and water serve to discolour any failure surface very quickly. 
However, most fatigue cracks produced by typhoons have striations about 
half the size of fingerprints and can easily be seen using a lOx hand 
lens or magnifying glass. 

A magnified impression of the two types of failure surface are shown in 
Figure 31. 

(a) fatigue failure (b) overloa~ fai~ure 

FiCJUre 31 Failure Surfaces In Metal• Due To ratiCJUe And 0Verloadin9 
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By examininq tears in metal elements such as claddinqs or flashinqs it 
may be possible to identify one ~r more that show striations which 
indicate a proqressive fatique failure at that point early in the damaqe 
history. 

Conversely the examination may show these tears produced by overload 
activity and hence not associated with early failures. 

3.4.2 llail Withdrawal 

Timber connections that sustain hiqh loads llldY fail due to nail 
withdrawal. Those joints that fail early in the history of the daaaqe 
can qenerally be identified by examination of the nails themselves. 

(i) Nails Ordinarily Loaded In Direct Tension 

Some nails carry wind loads in direct tension. Roofinq nails are a 
common example. Generally the first nails to withdraw from the 
timber are pulled str~iqht out and the nails remain straiqht. 
Where the nails pass through thin steel there is little tearing in 
the metal at the nail head with these failures. 

Once the roof sheeting or other structural components are partially 
freed by the removal of a few nails, then the extra movement 
allowed in the released component can cause bendinq or twisting. 
This almost invariably causes bending of the nails. 

Generally straight nails and clean holes are associated with early 
failures. However, elongation of the holes at lap joints in metal 
roof sheeting can indicate transmission of lateral loads rather 
than the withdrawal of the nail subsequent to the first faiiures. 
Nails at lap joints of sheeting should not be used in a definite 
analysis of nail withdrawals. 

~aight 

&1 
nail 

~clean hole 

first failure by 
withdrawal 

bent/ 

~ 
~raqqed hole 

subsequent failures by 
withdrawal 

PiCJUre 32 Withdrawal Of Nails 

(iii Nails Ordinarily Loaded In Shear 

This type of joint includes shear nailed connecr.ions and many 
others used in light timber framing as well as those used to secure 
structural claddings to wall frames. Two modes of failure are 
commonly observed and both incorporate bending of lhe nail. 
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In one. the nail bends and then withdraws from the timber into 
which it is driven. In the other. the nail bends and then the head 
tears through the material fastened to the timber. The mechanism 
of failure observed in any particular case is a functior. of the 
relative strengths of the materials joined by the nails rather than 
the time at which the failure occurred. For shear nailed 
connections a third type of failure has been observed in timber 
prone to splitting. This is caused by splits often established in 
driving the nails. but which open suficiently to allow the timber 
to part at ~he split under wind load. Figure 33 illustrates the 
three failures. 

nail withdrawal nail pull through timber splitting 
with skew nails 

Figure 33 Failure Of Nailed Joints In Shear 

It is very difficult to differentiate between the failures that 
ocurred early in the history of the damage from those that occurred 
as the failure was spreading due to overload. 

Some clues may be derived by the way in which the nail is bent. 
although this is not as definitive as the identification for metal 
elements or nails in withdrawal. Early in the damage history the 
joined pieces are not usually separated so that the nails must bend 
about a very tight radius. This in itself forces the joined pieces 
apart. Subsequent nails have partially withdrawn already and 
therefore are bent over larger radii. 

3.4.3 Timber Failure 

It is unusual for timber failure to be the initiating damage in a chain 
of failures as discussed for nails and metal elements in the previous 
subsections. In many cases, prior failures of connections cause 
excessive bending moments in timber framing which lead to later 
failures. 

In most cases, the timber in houses is dried and as a result has • lower 
tensile strength than compression strength. The flexural failure of 
timber is generally initiar.ed by tensile failure and as a result is 
brittle and produces a jagged separation. This is more common where the 
timber incorporates d~f ~cts such as angled grain or knots in the 
vicinity of maximum moments. 
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The order of timber failures can be identified by retrospective 
analysis. In many cases. however. due account must be taken of the 
presence of defects. They have two effects: 

They lower the stenqth of the timber althouqh this effect 
can be estimated from either documented failure properties 
of the timber or by factorinq the allowable strenqth of 
enqineerinq qrades of timber rather than the select qrades 
of timber • 

They also can cause the failure position to be located at 
the defect rather than the maximum moment position. 

Note that in order to be able to use retrospective analysis of timber it 
must be possible to identify the species of ti!llber in which the failure 
occurred. If the occupier built the house they may be able to assist in 
the identification of the timber. otherwise if it is a crucial analysis 
samples can be taken for checkinq aqainst a key. Most timber research 
facilities support identification keys. 

3.4.4 Failures In Bawboo Or lblbrick 

At this staqe, the author does not feel competent to c0111Dent on the 
failures in these materials. This presents a challenge to f~ture damage 
assessments. 

3.5 As essment Of Damage To Rousing 

In the assessment of damage to housinq. some calculations will be 
required to determine wind loads on the house es a whole and on 
structural components. However, there is no necessity to perform these 
at the time the inspaction is made. Provided an adequate record of the 
damage is taken by notes or tape recording and photcgraphs, the 
calculations can be performed at a later more convenient time. 

Care should be taken that either the first failure is identified or 
sufficient detail is taken to enable its determination away from the 
site. It is generally not possible to return to reassess damage. 

Further detail on assessment techniques is provided in Chapter 5. 
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4.0 

The structural action of larger buildings can be much easier to 
ascertain accurately from damage assessments when compared with that of 
small houses. Structural engineers are f.1:equently occupied with the 
design or analysis of larger buildings ano often feel more 'comfortable' 
with them. However, it is much more difficult m~king generalisations 
about their behaviour. 

Few large buildings incorporat~ structural cladding. Most have a large 
s~el~tal structural fra~e which receiv~s load from the cladding and 
carries it to ground by frame action OI ~hrough spP.cially constructed 
bracing members. Some recent buildings clad with specially designed 
metal diaphragms rely on a stressed skin membrane action to carry loads 
to ground. There are some reservations about the capability of such 
systems to resist typhoon loads (Boughton, 1981). 

4.1 Buildincjs Without Structura1 Claddinq 

In large buildings without structural cladding it is gEnerally possjble 
to identify the structural members and their intended function even in 
se~erely damaged structures. 

Cl) Large Members 

Principal structural components may include portal frames, braced 
frames or unbraced multi-storey moment carrying frames. The four 
most commonly used building materais for these structures are 
steel, concrete, timber and masonry. Often all four are 
incorporated in various components in a single structure. 

The principal structural components are often large in size and 
span large distances. Th~ir analysis can be accomplished using 
moment distribution techniques, structural analysis computer 
programs or in statically determinate cases, by direct application 
of the principles of equilibrium. 

The larger members fr~~ently support either smaller members or 
floor slabs. In multi-storey structures, the primary design 
constraint is frequently gravity forces due to floor loads. 
However, large lateral forces associated with typhoon winds can 
cause large lateral deformations which can influence the 
structural action of larger buildings. 

Where damage to large members has been caused by :yphoon winds, it 
can render the building completely ineffective for its intended 
purpose. Thi5 is not a common occurrence due to a number of 
aerodynamic effects. Gusts are generally of finite size and 
cannot completely engulf large buildings. This mear.s that ~he 
total load on a large building and the parts of large Luildlngs 
supported by the primary structural elements is frequently 
overestimated in codes. The members themselves are often 
overdes1gned. Many damage reports have shown examples of large 
portal frame industrial buildings in which the frames remain, but 
the purlins and cladding have sustained ve1y severe damage. 

.. 
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In contrast to the overdesign of the frames, cladding and cladding 
support members are often underdesigned. This is due to the 
turbulence induced high local suctions near edge3 of the building 
and the ridge. These very isolated effects only affect the 
cladding and purlins Jut do not cause any increase in load of the 
principal members due to the small size of the local pressures 
compared with the area supported by the larger members. The 
underdesign of cladding means that it has a much hig~er 
probability of failure than the portals. Failure of cladding 
causes a changE in the aerodynamics of the structure which reduces 
the load on the larger members. Figure 34 shows the most commonly 
observed type of damage in large industrial buildings in which the 
major struct.ura.l components have sustained minimal damage. 

i .. 

Fic;JUre 34 Daaa9e To Lar9e Buildings 

C2l Bracing Members 

Bracing meml .s in large buildings are generally designed to lend 
rigidity to the structure dur1ng construction and to carry lateral 
wind loads in the completed structure. Frequently bracing ~mbers 
are slender and are designed as tension memb~rs. Generally crossed 
bracing me~rs are used and the compression member is expected to 
buckle 0 1:L-')f-plane and be ineffective in resisting load. 

The loads :arried by bracing members can be determined using the 
techniques presented in Sec~ion 3.1.2. Wind forces over the area 
that contributes load to the bracing can be calcJlated and then 
resolved in the direction of the brace using its angle to the 
horizontal. 
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Damage can result when connections do not have sufficient stiffness and 
allow excessive deflection. The deflections can damage partitions or 
panels. More severe dallli:lge can result if the connections fail. Partial 
or total collapse of the structure can follow. 

Failures due to local and global buckling of bracing elements have also 
been observed where cross bracing has not been used and the bracing 
members carry compression. 

(3) Purlins, Girts And Other Cladding Supports 

These members frequently span l~rger distances in large b~ildings 
andso are bigger members the!llSelves. The longer spans also mean 
that bending moments in the purlins and the forces on the 
connecltion at each end are larger. The calculation of loads on 
purlins follows the same procedure as presented in Section 3.1.2. 
Girts and other wall cladding supports function in a very similar 
fashion to purlins and the methods outlined for battens in Section 
3.1.2 are equally applicable to them. 

A complication can arise in large buildings that use cold formed 
steel purlins and girts. Where the cladding has suction forces on 
the external surfaces, the compression flange of the purlin is 
unsupported on the inside of the building. Lateral buckling can 
occur under ~hese circumstances. Cases have been observed in 
Australia where the cladding has remained fastened tc the purlins 
but they have buckled. The building profile is therefore 
distorted, but it still remains functional. Roofing and purlins 
must both be replaced followin~ this type of damage. Effective 
design of replacement items should include bridging pieces that 
will ·brace the critical internal flange. 

( 4) Cladding 

4.2 

The problems that commonly arise wjth cl~dding are identical to 
those covered in Section 3. 

Frequently large buildings protect very valuable equipment and or 
records. Leakage of cladding can cause significant damage to the 
contents of the building. Discussions with the owners or occupiers 
of large buildings will reveal this tyf.e of problem. It can 
present a very significant financial burden to the community if 
stock held in warehouses, foodstuffs, agricultural products, or 
financial records are damaged by water ingress during a typhoon. 
While the damage is not as spectacular as loss of roofing or major 
structural damage, the cost of water damage can be very high and so 
it warrants inclusion in a damage assessment report. 

Buil~inqs With Structural Cladding ;... 

The inspection, analysis and design of these buildings is a highly 
specialised branch of s~ructural engineering. Stressed skin oes1gned 
buildings can be recognised from the inside by the fact that no bracing 
members are ~sed in the structural framework of the building. They may 
also be recogued from the outside by the presence of J.arge numbers of 
fasteners along lap joints between adJacent sheets, particularly near 
the end of the building. 

• 
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Seam fas~eners, illustrated in Figure 35, are an essential feature of 
~tressed skin design buildings as they transmit shear forces within the 
roof diaphragm across the lap joints. 

1eo111 ar Adelap fasteners 

1heor
c01111eCfor 

rafter 
sheet pur!in fasteners 

a 

Piqure 35 A Typical Stressed Skin Panel 

A detailed treatment of stressed skin 
published by Davies and Bryan (1985). 
publication should be used as a guide 
diaphragm buildings. 

4.3 Observation Of Damage 

diaphrag~ buildings has been 
This book, or a similar 

to the assessment of stressed skin 

The significance of even minor damage to large buildings has already 
been mentioned. Some large buildings such as schools and other 
government offices have special post disaster functions in that they 
provide shelter ~or the homeless or may be required as administrative 
centres for relief operations and reconstruction. Buildings that fulfil 
these roles, as well as hcspitals, warrant assessment even if no obvious 
damage is visible. Their function is important enough to deserve·an 
inspection to locat~ damage which while not obvious, may cause a -
reduction in structural performance if another typhoun should cause high 
winds to load the building again later in its lifetime. These types uf 
inspect1cn to buildings with little or no damage are known as "residual 
life assessments". 

Results of residual life assessments should be sent to the operators of 
t.he bu1 ld ing c:iecked as soon as possible, to enable remedial work t:J be 
commenced. 
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4.3.l M!wber Of Observations And Accuracy Of Assess.ent 

Unlike housing where similar designs tend to be repeated often within an 
area. larger buildings tend to be designed and constructed as required. 
Any towr. may contain a few larg~ buildings but they may be of quite 
different design from each other. Those that have been damaged should 
each be assessed independently. 

The same inaccuracies in wind speed and wind load estimation t~t were 
mentioned in connection with housing. apply to larger buildings. however 
the smaller number of buildings generally available for inspection ~eans 
that there will be less confidence in the conclusions for larger 
buildings. Where the main type of damage observed was cladding. it may 
be possible to group the findings with observations c= similar damage in 
housing and increase the confidence level of the conclusions drawn. 

4.3.2 Identification Of First Failure 

The principal structural elements su1:h as frames draw wind load from a 
large surface area of building while purlins end sheeting fasteners 
attract load over small surface areas. This enables the two types of 
members to be considered as aerodynamically independent. and is a major 
difference from the problems associated with housing. 

A number of observations have been made of buildings in which the 
cladding and purlin systems have sust.aine~ severe damage, but the 
princiFal members have received only damage to paint. In these cases it 
is easy to associate the first failure with the cladding and purlin 
systems. A detailed examination of the roofing debris will then enable 
the first failure to be attached to either the roofing or the purlins. 

There have been fewer observations of buildings in which the cladding 
has remained intact but the principal structural members have failed. 
In these cases the first failure can be associated with collapse of the 
main structural system of the building. Such a failure is the result of 
formation of a plastic mechanism, in which a nwnber of local failures 
must form. Possible collapse mechanism are illustrate~ for simple 
portals in Figure 36. The location of plastic hinges, or areas in which 
the main concrete or steel members have yielded or crumpled has been 
shown. 

The analysis of the behaviour of these rechanisms can be accomplished 
using standard plastic analysis techniques. Later access to :he 
engineering drawings of the structure will assist in the analysis. This 
is particularly so with concrete structures as frequently the number and 
location of reinforcement bars cannot be obtained from site inspection. 

The independence of the s~ructural behaviour of main structural frame 
members from the behaviour of cladding makes identification of !~~st 
failure easier. Any of the techniques outlined in Section j.4 for 
finding first fa4lure in cladding and fastening systems could be applied 
equally well to the assessment of larger buildings. 
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f roof uplift 

lateral load 

undamaged portal 

/ plastic hinges 

bending mechanism sidesway mechanism 

combined mechanism combined mechanism 

PiCJUre 36 Possible Pl.•stic Failure Mechanisms For A Simple Portal Frame 

4.4. Assessment Of Dama9e To Lar9e Buildings 

In the assessment of large buildings there may be problems that can only 
be solved by examining eng.;.neering drawings. This particularly a.Rl:>hes 
to lined buildingr. such as schools and hospitals in which structural 
details can be hidden. Under these circumstances the analysis process 
following the initial inspection could be quite time consuming and can 
only be accomplished away from the site. Extensive and good photographs 
of not only the whole building, but connections and members w~th~n the 
damaged structure should be taken. 

I 

The pres~ntation of the assessment is cov£red in Chapter 5. 
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5. 

This chapter addresses the issues of groupin9 the data, evaluation of 
the indi~idual building assessments. presentation of the report and 
produ~tion of recommendations for future construction practice. 

5.1 Scale Of Events To Be Assessed 

A major influence or. the use to which the results of the assessment will 
be put is the scale of the event. 

Often very useful information can be obrained from small scale typhoons 
in which not much very severe damage has been caused. Where most of the 
dama9e is simple structural damage. its assessment is easy and the first 
failure is almost indisputable. The inspection of damage is usually 
easy and quick and the later analysis of the data can also be 
accomplished quickly. Reports from mild typhoons can therefore be 
produce-i within a couple of months which means they are published while 
memories of the event are still fresh. Some very useful conclusions can 
be drawn as a result of the assessment (Bouqhton, 1987a). 

More severe typhoons generally produce more widespread and severe 
damaqe. The practical problems associated with movement through an area 
recently affected by a severe typhoon makes gathering the infor:nation 
more difficult. Often the severity of the damaqe makes the collection 
of data a long process and the analysis of each severely damaged 
building can also be a time consuming task. Much sorting of the data 
will have to be performed and the report will necessarily be large. The 
time for its production may be many months. It will, of course. contain 
a much wid~r range of conclusions than the report covering mild 

·typhoons. 

Both events can be used to pinpoint weaknesses in buildings. Details 
that cause simple structural damage in mild typhoons will almost 
certainly cau~e very severe damage in severe typhoons unless they are 
systematically strengthened. There is therefore very good reason for 
implementing damage assessment for each and every typhoon that causes 
damage to buildings. Where the extent of the damage is not very severe, 
the cost of the assessment i~ not large. but the potential benefit the 
assessment offers i£ still substantial. 

In the presentation of the data obtained in the course of the 
assessment, the work should be referenced to the intensity of the 
typhoon that caused the damage. This will enable the information to be 
usefully applied by people in other locations. The intensity of the 
typhoon can be measured in a number of ways. Perhaps the most 
universaly acceptable measure of intensity is the central pressure. For 
the purpose of evaluation of wind loads on buildings wind speeds must be 
obtained. A number methods have been presented in Chapter 2 of tii1s 
work that will enable the determination of wind speeds from 
meterorological records or from observation of the effect of the wind. 

WHERE WIND SPEEDS ARE PRESENTED, THE TIME SCALE OF THE SPEED 
MOST ALSO BE QOOTED 

• 
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For example. a ten minute aean vind speed of 40ll/s represents a auch 
more severe loadinq than an event in which the peak tbree sec -d qust 
vas 40m/s. bu~ it is less severe than one in ..tiich the mean hourly vini 
speed was 4Qn/s. 

Likewise it is important: to quote these vind speeds as equivalent: speeds 
• for the internationally recoqnised standard environment: for wind speed 

measurement:. 

.. A TD llETRE HEIGHT IB FLAT OPEii COOBikf 
(This is si.ai.lar to that encountered at large airports). 

The correct: inte~pretat:ion of wind speed data is a fundaaent:al builoinq 
block upon which the remainder of any assessaent rests. 

5.2 Information Required For Each Blli.ldi.ncJ Assessed 

The aim of an assessment: of every buildinq is to deterai.ne the cause of 
structural failure in the building and the load at which it occurred. 
These two data can then be used along with observations of the 
structural details used in that buildings and other similar buildings to 
comment on the performance of the buildinq. 

It is appreciated that the inconvenient living and workinq conditions 
during the assessment: and the need tc inspect many buildings very 
quickly will place practical limitations on the amount of ti~e to be 
spent at: any one site. To that end, information must be syst:e;natically 
recorded to allow later evaluation and analysis. 

5.2.l BuildiDC)S 

The information is most convenien~ly taken ir. the following order: 

Cl) When approaching a building the ex~ent ~f the damage should be 
noted and the building described by some convenient and obvious 
feature. 

An example of this type of identification may be as follows: 

"Small Plywood house with roof structure completely 111Ssing - no 
sign of any of the roofing, some minor damaqe to walls and 
extensive water damage of contents. Red curtains hanging out of 
windows and belongings drying on the lawn". 

This type of description can be made from the roadside outside the 
block and provides a rough description of the size of house, 
materials and extent of damage. This can be incorporated in a 
statistic~l treatment of the damage later. The reference to 
curtains and the belongings will enable the house to be iden~ified 
in photographs. 

C2l From this rough assessment it should be decided whether there will 
be much value in conducting a detailed assessment. 

If many hocses of that t'/pe have been checked already or i! 
clean-up activ1~1es are already well advanced, it may be decided 
not to inspect it. In that case "no further inspection and no 
photographs" should be attahced to the notes for that house. On a 
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sheet of paper the address of the house should be recorded with a 
note sayinq •damaqed but not inspected•. in appropriate 
abbre~iation would be DX. 

If. or. the other hand. the type of damage is of interest then a 
photograph of the house showing the damage and in which the 
distinquishing features cf the description are clearly v~sible. 
This will enable matchinq of the notes to photographs. 

EllCll TIIE A PllOftlGRAPll IS TAKER A l!IDrE SJIOOLD BE TAICEll IIEICATIRi 
'!BE AIGLE nD11 EICH '!BE PIKJ'l'OGRAPll VAS TAICEll OR FOR DETAILS. 
EERE '!BE DETAIL IMS LOCATED IR '1'BE IKlOSE. 

At this point too. on a sheet of papeI. the address of ~he house 
should be recorded with a note indicating that it was •aalll3ged and 
inspected•. •o• and a check mark would be an appropriate 
abbreviation. 

(3) After qaining permission to enter the property. the damage can be 
examined and described in qreater detail. An appropriate order 
would be similar to this for the abovP. example 

roof removed by disconnection of the entire roof structure from 
the top of walls when the wind was blowinq from the North-West. 

(A photograph showing the terrain to the North-West should be 
taken and appropriate notes made about the proximity of other 
buildings. the vegetation and topographic features to the 
N<>rth-West) • 

damaged roof found ~n next door neighbour's yard. 

(A photograph of the condition of the roof should be taken and 
again notes made). 

condition of roof is reasonable. some distortion due to impact 
with ground and a tree, but roofing to batten fasteners and 
batten to rafter fasteners largely intact. 

(Some more notes and perhaps a photograph of the fasteners in 
the roof structure that appear to have been effective may help 
the evaluation). 

roof anchorage details - two skew nails per rafter failed in 
most cases by splitting of rafter timber. Only one nail used 
in the rafter anchorage at North-west cwindwardl corner. 

!A photograph of the details - in particular the one at ~he 
North-West corner with only one nail hole should be taken). 

discussionE with occupants revealed that all o! the w1ndows 
were barred and none were damaged. 

(NOteE should be taken with respect to the leak1ness of the 
house). 

Ir 
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Dimensions of the house should be estimated. 

wall height 
length of house 
width of house 
height of floor above ground 
slope of roof 
eaves overhang 
age of house 
iden:•ty of the builder 

In our case the important detail is the roof anchorage detail, 
so the following notes may also be made. 

species of rafter timber 
size of rafter 
species of top wall plate timber 
size of top wall plate 
size of nails 

Finally, any other interesting or unusual features may be noted. 
(These may include - a particularly effective window barring 
system with details and photographs). 

If any information is to be passed on to the emergency services it 
should be noted on the paper that has the house address. For 
example "No access to drinking water yet". 

'ftl.e information and photographs listed above will enable a 
reasonahly.detailed analysis and assessment of the performance of 
the structure. It is to be noted that only sufficient dimensions 
were recorded to find the wind loads on the whole house and on the 
particular element that was identified as the one that caused the 
failure. This is quite sufficie .. .: foI this case in which the 
damage would have been classified as simple structural damage. 
More detail would have been required for local damage or very 
severe damage. 

(4) After leaving the property an interpretation of the damage can be 
made. It is most important that this be done out of earshort of 
the owner/occupier who may be offended by your comments if he was 
the builder. Alternatively an argument between the owner and the 
builder may be fuelled by your comments. 

To continue with our example, an appropriate comment may be: 

due to the use of one nail at rafter anchorage in the windward 
corner anchorage failed. 

subsequent o~erloadinq of other anchorages caused their 
failures. 

need to check capacity of anchorage with one skew na1l and 
capa~ity with two. 

This then will complete the data gathering process for that house. 
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5.2.2 Simple Structures For llincl Speed Analysis 

In the examination of simple structures tor the determination of wind 
speed, the fol~owing points should be noted. 

It is just as important to analyse undamaged structures as it is to 
analyse damaged ones. The small amount of time taken to measure up good 
ones may well pay dividends, as they will enable the determination of 
upper bounds to the peak g~st speeds at that locations. 

Please note that while it may be possible to estimate dimensions on 
buildings the importance of these simple structures means that they arJst 
be measured. 

(1) Close examination for scratches, timber residue that may indicate 
that debris struck the structure. If clear of debris damage then 
the investigation can proceed. 

(2) Description of the simple structure again with identifying 
information eg "speed limit siqn next to a school building". 

The damage should also be described. 

(3) The orientation of the face of the structure should be measured 
with a compass. Be wary about standing under power lines or too 
close to metal siqns when using a compass. The orientation of the 
wind damage in the vicinity of the structure should also be noted. 

(4; Using the orientation of the wind damage near the structure as a 
quide to the direction of maximum winds, if the wind was 
approximately perpendicular to the face of the structure the 
investigation can proceed. 

(5) Photograph and note terrain and topographic features upwind of the 
structure. 

(6) Me~sure the simple structure with a tape so that ~he calculations 
outlined in Chapter 2 can be performed. 

5.2.3 Daily Checks Of Daaqe Surveyed 

The daily checks indicated in Chapter l of this work will primarily use 
the information on the paper note summary ie address and whether 
inspected. The information for emergency services can be collated from 
these notes and passed on to the appropriate authority. 

Good communication between the inspectors will ensure that houses will 
not be assessed twice, and that a balanced view of the damage is being 
obtained. Discussions can also assist in the decisions as to which 
structures to check and how much information should be recorded.Z'It 
will also allow a check on the number of simple structures assessed. 
Where possible, at least four should be used to determine wind speeds in 
any locality or town. 

.. 
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5.3 Processincj Info™tion For Bach blilcliDCJ Assessed 

The steps in processing information for each building assessed can be 
subdivied into practical and technical steps. Generally the practical 
steps precede the technical steps. 

5.3.l Orqanisation Of Data 

Where notes in the field were tak~n using a tape recorder the tapes 
should be numbered sequentially. They should then be roughly tra~sposed 
so that a paper working copy is obtained. the tapes can be kept as a 
reference. but ~ost of the analysis work will be done from the 
transposed notes. 

{lJ Assign ea~t structure checked a number. This number should 
indicate the following information. 

Inspector 
Buildinq Number 
Typhoon 

eq Bl4Cb indicates Boughton as Inspector 
14th building he inspected 
Cyclone "Connie" in 1986 

Using the distinguishing fedtures of the bu~ldinq. the photographs 
should be matched with the notes. Every photo should have the 
building number marked on it and the notes should also be marked 
with that number. 

(2) The type of failure and othe.t .;_nteresting features should be 
highliqhted in the notes. Highlighting pens or coloured pencils 
are excellent for this. This will assist in later collating of 
information. 

(3) From information on topography. terrain and wind speed, the wind 
load on the building should be determined. This, of course, 
assumes that all the simple structures have been analysed first to 
determine the peak gust wind speed using techniques outlined ir: 
Chapter 2. 

(4) Determine the maximum wind load on the element noted as the first 
failure using techniques described in Chapter J. and include that 
figure in the notes. 

(!;) If design information is available the design strength <'f the 
broken element can also be noted. 

16) Steps (4) and (5) can be repeated or any other elements note;d as 
be!ng interesting or significant in the structural behaviour of the 
building steps . 

5.4 Grouping Of Infon1ation 

While the data collected and processed as indicated above represencs a 
valuable resource, it can have its !ull potential realised by grouping 
and reporting it in an appropriate way. 
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5.4.l Groupinq By Construction Type 

Very rarely are damage reports completely exhaustive so assessments 
should be wary about reporting on the relative merits of construction 
types. This type of grouping can only be used to conclude that one type 
is more successful than another if a!l houses are reported damaged or 
undamaged and if sample sizes are s~milar. Very small sample sizes 
cannot give results to which much statistical confidence can he 
attached. 

Grouping by construction type can show a number of important trends in 
the data. 

(ii Failure mode may be well correlated with construction 
type. 

In some cases particular types of construction may all show the same or 
similar types of failure. This has therefore identified a systematic 
weakness in that type of construction. 

(iii Damage severity may be well correlated with structure 
wind speed within a given construction type. 

over a wide ranqe of terrain and topographic conditions, a variety of 
wind speeds at the structure height will be found. In many instances 
there will be a good correlation between damage and wind speed. This 
can be used to establish the wind speed at which that type of 
construction ceased to behave satisfactorily. 

S.4.2 Grouping By '1'ype Of all.Ider 

This will enable the identification "of any problems in workmanship. A 
suggested categorisation may be owne~/builder, self employed builder, 
small construction company (less than ten employees) , large construction 
company (more than ten employees). 

The results of this type of grouping can be quite surprising and will 
assist in the formulation of housing policy. 

In areas where building inspection during construction is performed, 
that could be included as an additional category i.e. inspected 
construction. 

5.4.3 Grouping 8y Failure 

This is possibly the most useful type o..: grouping. It has the same 
effect as increasing the sample size for structural tests in the 
laboratory. . 
The information produced by this grouping is made complete if some 
buildings that sustained minimal damage have also been as~essed. That 
enables the evaluation of an upper bound to the failure load and 
complements the lower bound obtained through the analysis of damaged 
structures. 

By comparing the failure loads for elements of the same type and 
configuration, an estimate of their capacity for wind loadings can be 
made. Where design load information is available, the failure loads can 
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be compared with design loads. If the failure load is well :i.n excess of 
the design. load it indicates that the element has been used 
inappropriately. If the failure load is less than the design load. it 
indicates that the currently quoted design load may be in error and 
further work must be performed on those details. 

Where no design loads ar~ available. the failure loads can be used to 
estimate appropriate design loads using suitable factors of safety. 

D~sign load = k (95\ lower confidence limit of failure 
load) • 

k a factor usually between 0.5 and 0.66 

In performing this grouping it must be noted that materials and geometry 
must all be similar. For example. a nailed batten joint using two skew 
nails should not be grouped with a similar joint using only one skew 
nail. 

To enable this type of grouping. details on the failed elements must ~ 
accurately taken. In some cases nail size is critical. particularly 
where withdrawal has occurred. 

5.5 Identification Of Problem Areas 

The grouped data may make some trends obvious. These trends can be 
traced to specific prcJlem areas that recur in a significant way during 
the damage investigations. They can be broadly cat~gorised as 
workmanship problems, design faults or material deficiences. 

5.5.l WDrJrwnship Problems 

Where failure loads are consistently less than accepted design loads or 
where failure has occurred because of incorrect installation of usually 
reliable details, then poor workmanship may be the cause of the damage. 

Some common examples of this problem is omission of nails in joints. 
nails that miss the timber they are 11eant to be driven into. omission of 
fasteners in roofing, use of large purl in C'·r batten spacings, lack of 
reinforcing in block or brickwork. 

5.5.2 DesiCJI! Faults 

In some cases details, consistently used in a locality may not be 
appropriate for the loads expected in typhoons. 

Thi~ may ce due to poor design or even lack of design and the widespread 
use of these details has made them acceptable as good building practice 
In some cases poor design details may have been incorporated into:
building regulations. 

The results of damage assessments present very good evidence in support 
of the case for changing regulations or designs. 
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5.5.3 llaterial Deficiencies 

In some cases, observations may have showed that failures were 
associated with rotten timbe~ or timber that had been subjected to 
insect or termite attack. Rusted steel or corroded steel connections 
are also a common cause of failures. In some cases. poorly compacted 
concrete or weak mortar may be associated with the failures. 

In these cases the deterioration may be related to the age of tre 
stru~ture or to the environment. In either case the ;nformation is 
valuable in establishing the expected life of particular details in 
particular areas. 

5.6 Preparation Of Asses59ellt Report 

After the processir.g of data, the grouping and assessment of the data, 
the report can be prepared. The grouping of the data will have enabled 
a number of conclusions to be drawn on the performance of buildings and 
components of the buildings. 

The report should be written in a way that leads directly to those 
conclusions. Raw data should not be included in the report except to 
support points made in the text of the report. Some raw data can be 
used to draw up tables, and observations should be illustrated by 
photographs or sketches wherever possible. 

Suggested headings are as follows: 

Cl) Introduction - This should describe the locality in which the 
assessment was made and enable it to be identif:i.eci with respect to 
the country in which it is located. It may include geographical 
~omments on the type of buildings and communities in the affected 
area and may allude to a previous history of typhoons. 

(2) Meteorological Information - This should include meteorological 
records where they are available and the results of wind speed 
determination from any means used. It should give an indication of 
the maximum estimated wind speed at all locations in the damaged 
area and an estimate of the direction of the maximum gusts. 

(3) Assessment Of Building Performance - These should be grouped in a 
way that will ma~imise the impact of the conclusions. 

For example - buildings with damaged roofs 
- damage to timber structures 
- damage to large industrial buildings 

14) Implications Of The Building Performance - This section relates 
accepted building practice to performance, and may indicate ~reas 
in which specific problems need to be addressed. 

!Sl Recommendations And Conclusions - These will be concisely stated 
practical activities t~~t can be performed to improve the 
performance of buildings :n future typhoons. 

• 
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6. COl«:LDSI~ 

This work has set out a procedure to be followed to produce a 
comprehensive assessment of building performance in typhoons based on 
inspection of damage caused by the passage of a typhoon. 

1. Assessments of buildings can improve the understanding of their 
structural performance and quantify failure loads without recourse 
to expe.1si ve and timeconsuming laboratory tests. 

2. Comprehensive assessments of the type outlined in 
thorough preparation, planning and organisation. 
perform the inspection quickly and systematically 
possible after the event of a typhoon. 

this work require 
It is essential to 
as soon as 

3. The damage must be related to meteorological information to give it 
a quantitative reference. 

4. In the performance of an inspection of a building it is very 
important to differentiate between the first elements that failed 
and those that failed subsequently due to overloading. 

5. By calculating wind loads on the first element to fail, the 
assess~ent can be related to design loads and t~st results. 

6. Failure loads and perf~£mance information produced by systematic 
assessment can be used to improve building designs or upgrade 
building regulations. 

7. It is recommended that member nations immediately draft plans for 
implementation of assessment progranunes following typhoons. 
designate a~ea ~1perv1sors and assessment team members, and 
establish liaison with emergency service personnel. Funds should 
also be set aside for assessment activities. 
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